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Table I11 
Summary  of Reformatsky Reaction of Carbonyl Compounds with Activated Indium and Ethyl  Bromoacetatea 

Reaction 
Carbonyl compd Product Registry no. Solvent temp, OC % yield 

5326-50-1 Xylene 55 100 
Cyclohexanone aoH CH,CO,Et 

OH 

O(,H:CO,Et 
Cy clopentanone 3197-76-0 Xylene 55 80 

Benzaldehyde C~HSCH(OH)CH~CO~E~ 5764 -85 -2 Xylene 55 83-100 
p -Methylacetophone CH,C6H,C (OH)( CH,)CH2C02Et 553 19 -45 -4 Et20 34 59 

a All reactions were carried out for 2 hr. b Based upon GLC analysis using internal standard, BrCH&OzEt/2 = 100%.c C The factor of 
yz is necessary because only one -CHzCOzEt group of BrIn(CHzC02Et)z adds to a ketone or aldehyde. 

lide ratio was 0.85:1.00:2.02 and it contained 25.6% of In. 
This fits the structure of the ate complex of (EtOCO- 
CH2)zInBr with KC1. Thus it appears that  the composition , ,CH,CO,Et 

+ KCl - polar K+ [r' In 
C1' 'CH2C02Et 

solvent 

/ CHzCo2Et 
BrIn 

'CH2C02Et 

of this Reformatsky reagent is quite solvent dependent, 
with the ate complex being favored in polar solvents. We 
examined the effect of the solvent on the yield of the 0- 
hydroxy ester and the results are summarized in Table I. It 
is readily apparent that  the reactions in polar solvents gave 
lower yields and more side products. We attribute these re- 
sults to  the formation of the ate complex in polar solvents. 

In order to obtain good yields of &hydroxy esters, sever- 
al reaction conditions must be carefully controlled. In the 
preparation of the activated indium it is very important 
that  the molar ratio of InC13 to K be exactly 1:3. If there is 
an excess of either InC13 or K, side reaction products be- 
come considerable. The ratio of the carbonyl compound to  
the a-bromoacetate is also very critical. In order to obtain 
high yields, a onefold excess of the carbonyl compound is 
necessary; the excess carbonyl compound can be recovered 
later. The reason for the necessity of the excess carbonyl 
compound is not readily obvious. Some of the results with 
varying ratios of bromoacetate to  ketone are summarized in 
Table 11. 

Finally, the results of reactions of a variety of carbonyl 
compounds with the activated indium and ethyl a-bromoa- 
cetate are summarized in Table 111. In general, the yields of 
P-hydroxy esters are good with ketones and also with benz- 
aldehyde in xylene and diethyl ether. However, alkyl al- 
dehydes give relatively low yields. 

Experimental  Section 

Materials. Cyclohexanone, cyclopentanone, benzaldehyde, p -  
methylacetophenone, ethyl bromoacetate, and ethyl chloroacetate 
were obtained from commercial sources. They were used without 
further purification. Xylene (ortho, 99%) was obtained from Al- 
drich and distilled over NaALH4. Diethyl ether (Fisher Anhydrous) 
and THF (MCB) were distilled over LiAlH4 under argon. Com- 
mercial indium (325 mesh, 99.9%) and anhydrous indium trichlo- 
ride were obtained from Alfa. Potassium (Baker purified) was 
cleaned under heptane prior to use. Activated indium metal was 
prepared by reducing indium trichloride with potassium in xylene 
by refluxing for 4-6 hr under an argon atmosphere. 

Reactions Using Activated Indium. The following procedure 
for the conversion of cyclohexanone to ethyl (l-hydroxycyclohex- 
y1)acetate is representative. Activated indium metal (10 mmol) 
was prepared from the reduction of InCl3 (2.21 g, 10 mmol) and K 
(1.17 g, 30 g-atoms) in 25 ml of xylene in a 100-ml round-bottom 
flask with a side arm equipped with a septum cap under an argon 
atmosphere. After refluxing for 4.5 hr the mixtures were cooled 

down to 2' with ice-water, 1.0 g of biphenyl was added as an inter- 
nal standard, and then two loaded syringes with cyclohexanone 
(0.93 g, 9.5 mmol) and ethyl bromoacetate (1.5 g, 9.5 mrnol) were 
inserted into the flask via a septum cap. Both components were 
added simultaneously and stirred at 2' for 10 min; then the 
mixtures were heated to 55'. One 2-ml sample was withdrawn pe- 
riodically and hydrolyzed with 2 N HC1 solution. The organic layer 
was subjected to GLC. GLC analyses were carried out with an HP , 

Model 5750 research gas chromatograph equipped with 6 ft X 
0.125 in. stainless steel columns packed with 10% SE-30 on Chro- 
mosorb W. The product was identified by comparing GLC reten- 
tion time with that of the authentic sample obtained from the reg- 
ular zinc Reformatsky reaction. 
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Nelsen,l Blankespoor ,2 and Russell3 and their associates 
have investigated long range 6 coupling constants in the 
semifuraquinone (1) and semidione (2) series. The observa- 
tions for 1 and 2 illustrate that  the interactions between 
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1 2 

a = 1.07 (2 H), H, a = 0.95 (2 H), H, 
0 81 ( 2  H), H, 0 6 6  ( 2  H), H, 
0 5 2  (2  H),  H, or H, 0 2 0  (2 H). HA 
0 4 6  (2 H). H, or H, 

the 6 hydrogen atoms and the spin label can, indeed, be 
large as we previously noted for the related semiquinone 
3-S.485 Comparison of these values with the data for 4-5 
and 5-S indicate that  the spin population a t  the anti‘ and 
syn’ hydrogen atoms of the cyclopropane ring is quite large. 
This finding prompted us to  examine the less strained sat- 
urated semiquinone, 643, and the related cyclopentane de- 
rivatives, 7-S and 843, in which the 6 hydrogen atoms occu- 

HB 0- 0- 

3- s 4 s  
u = 2 40 (2  H), HI 

0.38 (2 H), HA 

a = 2 3 6  G (2  H), H, 
0 8 0  G (1 H), HA 
0 4 0  G ( 3  H). H,, H, 

0 4 7  (2  H), H, 

0 16 (2  HI, H, o r  H, 
0 10 (2  H), H, o r  Hs 

HR 0- 
5-s 

a = 2 50 G (2 H). HI 
0.70 G (3*H), Hey,, HA 

py essentially the same positions in space in molecules with 
more normal carbon-carbon bond hybridization. 

Results 
Spiro[2.4]hepta-2,4-diene and spiro14.4]nona-2,4-diene 

were prepared from cyclopentadiene and the appropriate 

I I I 
OH OH OH 

6 7 8 

dibromoalkane using sodium hydride in diglyme. This pro- 
cedure is more convenient than methods using sodamide 
and ammonia.6 Adduct formation with benzoquinone, tau- 
tomerization to  the hydroquinone, and reduction of the iso- 
lated double bond proceeded ~ m o o t h l y . ~  

Semiquinones 3-5, 643, and 7-5 were generated by air 
oxidation of the hydroquinone ( M )  in acetonitrile con- 
taining sodium hydroxide. Semiquinone 8-5 M )  was 
prepared from the corresponding diacetate in dimethyl 
sulfoxide containing potassium ter t -  butoxide. Experience 
indicates that  the important features of the spectra are un- 
altered by this variation in the p r ~ c e d u r e . ~  The coupling 
constants are presented in Table I. 

Table I 
Coupling Constants for Semiquinonesa 

Coupling constant, G 

Nucleus 3-s 6-S 7-s 8-S 

Hi 2.40 2.55 2.40 2.60 
H V  0.47 0.40 
H E X 0  0.81 0.85 
HENDO 0.10 b 

0.10 (0.18) b (0.10) b (0.08) b 
“4, 0.38 0.23 0.40 0.25 

0.18 (0.10) 0.10 ( b )  0.08 ( b )  b 
a Alternative assignments, where appropriate, are presented in 

HB 

H S  

parentheses. Undetectably small. 

Discussion 
The constants for the aryl, vinyl, and exo hydrogen 

atoms of 3-5, and 6-5-8-5 can be assigned on the basis of 
prior data for the many derivatives of 4-5 and 5-S.4 For 
8-S, there is only one additional coupling constant which is 
reasonably assigned to  the anti’ hydrogen atoms of the cy- 
clopentane ring.7a For 7-5 there are two additional con- 
stants which must be assigned. We reported previously 
that  the introduction of unsaturation increases the magni- 
tude of the anti and syn coupling  constant^.^ Consequently, 
the  larger constant may be assigned to  HA’ and the smaller 
constant to Hsi. Prior work on both the semiquinones and 
semifuraquinones indicates that  the bridgehead hydrogen 
atoms exhibit the smallest coupling  constant^.^,^ However, 
an alternate, less likely assignment for 7-5 is shown in 
Table I. 

Semiquinones 6-S and 8-5 exhibit essentially the same 
spectrum except that  four additional hydrogen atoms of 
6-S exhibit small coupling constants. I t  is likely that  the 
bridgehead hydrogen atoms remain uncoupled. The alter- 
native assignment is, however, noted in Table I. All the hy- 
drogen atoms of 3-5 are coupled. The larger constants are 
assigned to  the vinyl and anti‘ hydrogen atoms with the 
smaller pair assigned to  the bridgehead and syn’ groups. 

The results (Table I) reveal that  spin density appears a t  
remote sites in 3-S and 6-S-8-S. The coupling constants 
for the vinyl and exo hydrogen atoms in these four radicals 
are comparable to  the constants for 4-5 and 5-53. The cou- 
pling constants of the syn’ and anti’ methylene groups of 
the cyclopropane and cyclopentane fragments are quite 
large. These constants are nearly equal for the heptadienes, 
3-5 and 743, with aHA# = 0.38 and 0.40 G, respectively, and 
for the heptenes, 6-S and 8-5, with aHA, = 0.25 and 0.23 G, 
r e ~ p e c t i v e l y . ~ ~  Thus, the additional strain in the cyclopro- 
pane derivatives does not have an important impact on the 
magnitude of the coupling interaction. The near equality of 
the constants suggests that  simple geometric relationships 
rather than bond hybridization factors play a dominant 
role in the determination of spin density a t  the 6 hydrogen 
atoms. The constants for the anti’ hydrogen atoms of 3-5 
and 7-S are about 50% of the value of aHA for 4-S. Similar 
results have been reported for the semifuraquin0ne.l On 
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the  other hand, the constant for the anti’ hydrogen atom of 
the semidione 2 is only about 2% of the value of aHA in bi- 
cyclo[2.2.1] hepta-5-ene-2,3-semidionea2p3 

Several interactions require consideration in the  inter- 
pretation of these constants. Spin density is distributed in 
molecules by direct and indirect interactions involving the  
delocalization and polarization of electrons. The  spin den- 
sity measured at a particular nucleus may, therefore, result 
from four distinct contributions. Indeed, only relatively ad- 
vanced theories such as the  INDO model or configuration 
interaction formulations which focus on spin polarization 
can adequately estimate spin  distribution^.^^^ Nevertheless, 
simple concepts such as hyperconjugation, homohypercon- 
jugation, the W plan arrangement, and the symmetry prop- 
erties of the orbitals of the spin label have proved valuable 
for the qualitative discussion of the factors governing long 
range coupling c ~ n s t a n t s . l - ~  

In the absence of confident information concerning the  
signs of the  long range coupling constants, all explanations 
are somewhat speculative. However, the INDO model can 
be used to  guide these interpretations. Homohyperconjuga- 
tion, the  INDO model, and a CI approach have been em- 
ployed to  account for the stereospecific coupling interac- 
tion of the HA nucleus in bicyclo[2.2.l]heptane-2,3-semi- 
d i ~ n e . ~ l ~ J O  Because the highest occupied molecular orbital 
of the semidione is symmetric, the orbitals of the spin label 
can mix with the s, prr and py orbitals of the C7 group di- 
rectly to  delocalize the spin density and place large, appar- 
ently positive, spin at HA. This explanation is not applica- 

HA\- /Hs 

Y 

ble for spin labels such as the semiquinone or semifuraqui- 
none with antisymmetric highest occupied molecular orbit- 
als, in these cases the orbital of the spin label can only mix 
with the p z  orbital to place spin density in a 2p orbital at 
C7. The  syn and anti  protons then couple via an indirect 

“L 

spin polarization interaction. The  constants for these nu- 
clei should be negative as predicted by the  INDO model.3 
Nelsen, Travecedo, and Seppanen adopted this viewpoint 
in their analysis of the coupling interactions in bicyclo- 
[2.2.l]hept-5 -ene-2,3-semifuraquinone.l 

These qualitative ideas can account for the coupling be- 
havior of the  syn’ and anti’ methylene groups in the spiro- 
cyclopropyl and spirocyclopentyl derivatives of the semi- 
dione, semifuraquinone, and semiquinone. For the semi- 
quinones and the semifuraquinones, spin density may be 
propagated to  the methylene groups, in part ,  through an  
interaction between the spin in the pz orbital centered at 
C7 and the (2-H bonding orbitals. Consequently, the spin 
populations at HA/ is quite large. In this case, a negative 
constant for the methylene groups is expected. For the 
semidione 2, there is no  spin in an orbital with a geometry 
favorable for the coupling of the syn‘ and anti‘ methylene 
groups; only a rather small coupling is observed. Thus, this 
model adequately portrays the principal features of the  

spectra. We note, however, that the spin density a t  these 
remote nuclei are, in fact, determined by the spin popula- 
tions in many nearby orbitals and that  more subtle mecha- 
nisms must  also play a role. 

Experimental Section 
3’,6‘-Dihydroxybenzobicyclo[2.2.l]hepta-2,5-diene-7-spiro- 

cyclopropane (3). Spiro[2.4]hepta-2,4-diene was prepared from 
cyclopentadiene and 1,2-dibromoethane, Sodium hydride (48%, 
34.0 g, 0.67 mol) was suspended in diglyme (175 ml, freshly dis- 
tilled from lithium aluminum hydride) in a flask equipped with a 
mechanical stirrer, dropping funnel, and a condenser fitted with a 
nitrogen inlet tube. This flask was cooled to 0’ and cyclopenta- 
diene (22.0 g, 0.33 mol) in diglyme (25 ml) was added slowly with 
very vigorous stirring. After 0.5 hr, 1,2-dibromoethane (63.0 g, 0.34 
mol) in diglyme (25 ml) was added over 0.5 hr. Additional solvent 
(50 ml) was added. After 3 hr, water (25 ml) was added cautiously, 
then pentane (100 ml), and the entire mixture was poured into ice- 
water (500 ml). The layers were separated, the aqueous phase was 
extracted with pentane (3 X 50 ml), and the combined organic 
layers were washed with cold, saturated sodium chloride solution 
(3 X 50 ml). After drying over sodium sulfate, the pentane was re- 
moved by distillation, then the product was distilled at reduced 
pressure. The first fraction [bp 40-44O (75 mm), 4.95 g] was a 1:l 
mixture of the product and diglyme; the second fraction [bp 53’ 
(75 mm), 9.4 g] contained 95% spiro[2.4]hepta-2,4-diene. The total 
yield was 11.8 g (38% based on cyclopentadiene). 
Spiro[2.4]hepta-2,4-diene (11.8 g, 0.13 mol) in methanol (10 ml) 

was added to benzoquinone (13.8 g, 0.13 mol) suspended in metha- 
nol (50 ml) in a flask cooled in an ice-water bath. The bath was re- 
moved and the solution was stirred magnetically for 1 hr. The 
product was filtered cold, washed with cold methanol, and dried in 
vacuo. This adduct (21.0 g, mp 109.5-110.0°) was recrystallized 
from methanol. The adduct then was converted to the diacetate 
(mp 96.5-96.8O from methanol) by base-catalyzed tautomerization 
and acetylation as described previ~usly.~ The diacetate was hydro- 
lyzed as described previously to yield 3’,6’-dihydroxybenzobicy- 
clo[2.2.l]hepta-2,5-diene-7-spirocyclopropane (3) (mp 171.0- 
172.5O from benzene). 

Anal. Calcd for C13H1202: C, 78.00; H, 6.00. Found: C, 77.94; H, 
6.08. 
3’,6’-Dihydroxybenzobicyclo[ 2.2.l]hept-2-ene-7-spirocyclo- 

propane (6). This compound (mp 193.0-194.0’ from benzene) was 
prepared from 3 via platinum-catalyzed low-pressure hydrogena- 
tion. 

Anal. Calcd for C13H1402: C, 77.25; H, 6.94. Found: C, 77.18; H, 
6.99. 
3’,6’-Dihydroxybenzobicyclo[2.2.l]hepta-2,5-diene-7-spiro- 

cyclopentane (7). Spiro[4.4]nona-2,4-diene, bp 48’ (15 mm), was 
prepared from cyclopentadiene and 1,4-dibromobutane in 22% 
yield by the method used for the synthesis of spiro[2.4]hepta-2,4- 
diene. 

The adduct (mp 98.0-98.5’ from methanol) of spiro[4.4]nona- 
2,4-diene and benzoquinone was prepared in 89% yield as de- 
scribed above. The diacetate (mp 72.0-73.0’ after sublimation) 
was prepared as described previously and hydrolyzed to 3’,6’-dihy- 
droxybenzobicyclo[2.2.l]hepta-2,5-diene-7-spirocyclopentane (7) 
(mp 167.0-168.0’ from benzene) under acidic conditions. 

Anal. Calcd for C15H1602: C, 79.00; H, 7.02. Found: C, 79.11; H, 
7.07. 
3’,6’-Diacetoxybenzobicyclo[ 2.2.lIhept-2-ene-7-spiropen- 

tane (8-D). The diacetate prepared in the synthesis of 7 was hy- 
drogenated at low pressure with platinum to yield 3’,6’-diacetoxy- 
benzobicyclo[2.2.1] hept2-ene-7-spiropentane (8-D) (mp 97.5-99.0’ 
after sublimation). 

Spectroscopic Results. The semiquinone derived from 8 was 
prepared by the hydrolysis of the related diacetate M )  in di- 
methyl sulfoxide containing potassium ter t -  butoxide. The other 
semiquinones were prepared by air oxidation of the hydroquinones 

M )  in acetonitrile. All the spectra were recorded on a Varian 
E3 spectrometer. The field sweep was calibrated by the study of 
perylene cation radical. All the spectra were simulated with a Jeol- 
co JRA5 system. 
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