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cyc1[3.2.2]azine (21, 0.004 g, 27%) showing identical melting point 
and spectral characteristics with those of sample obtained from 
the formylation of 2,5,7-trimethyl-6-azaindolizine (5 ) .  

Thioformylation of 2,7-dimethyl-6-azaindolizine (2, 0.250 g) was 
carried out by treatment of 2 with dimethylformamide (2 ml) and 
phosphoryl chloride (0.35 g) a t  room temperature. The reaction 
mixture was poured into a 2 M aqueous sodium hydrogen sulfide' 
solution (30 ml) and extracted with chloroform. Evaporation of the 
chloroform followed by column chromatography using benzene 
and recrystallization from benzene-cyclohexane (15) gave 2,7- 
dimethyl-3-thioformyl-6-azaindolizine (8, 0.190 g, 58%) as red 
needles: mp 175-176'; A,,, 439, 433 (infl), 420 (infl), 370,308, 300 
(infl), 253 (infl), 238 (infl), 227 nm (log t 4.20, 4.15, 3.98, 3.65, 3.76, 
3.72, 3.91, 4.02, 4.20, respectively); ir 870, 980, 1135, 1258, 1318, 
1510.1610 cm-'. 

Anal. Calcd for C1OHloNzS: C, 63.1; H, 5.3; N, 14.7. Found: C, 
63.4; H, 5.4; N, 15.0. 

Reduction of aldehydes 7 and 10 to give, respectively, 2,3,7-tri- 
methyl-6-azaindolizine (3) and 2,3,5,7-tetramethyl-6-clzaindoli- 
zine (6) was carried out with lithium aluminum hydride-alumi- 
num chloride in ether by a procedure similar to that reported in a 
previous paper.20 3-Formyl-2,7-dimethyl-6-azaindolizine (7, 0.5 g) 
gave a brown oil (0.21 8). This oil after TLC afforded as the main 
band 2,3,7-trimethyl-6-azaindolizine (3, 0.01 g, 2%) which showed 
identical spectral characteristics with the sample obtained from 
the Chichibabin reaction between 4,&dimethylpyrimidine and 3- 
bromo-2-butanone, 
3-Formyl-2,5,7-trimethyl-6-azaindolizine (10, 0.20 g) after TLC 

gave 2,3,5,7-tetramethyl-6-azaindolizine (6, 0.05, 27%) as needles: 
mp 64-67'; A,,, 358 (br), 295, 284, 277 (infl), 240 nm (log e 3.15, 
3.82, 3.83, 3.71, 4.39, respectively); ir 868, 1287, 1363, 1436, 1530, 
1630 cm-'. Calcd mass for CllH14N2: 174.1156. Found: M+ (base 
peak) 174.1157. 
2,6-Dimethyl-5-azacyc1[3.2.2]azine (22) f rom 3-Formyl-2,7- 

dimethyl-6-azaindolizine (10). A mixture of 3-formyl-2,7-di- 
methyl-6-azaindolizine (10, 0.05 g) and potassium hydroxide (2.0 
g) were quickly fused in a sealed, evacuated tube. Immediately a 
yellow vapor formed and droplets of a yellow-brown liquid con- 
densed. After cooling, the contents of the tube were extracted with 
ether, the ether evaporated, and the residue after TLC gave as an 
intense yellow band 2,6-dimethyl-5-azacycl[3.2.2]azine (22,0.012 g, 
27%) which showed identical melting point and spectral character- 
istics with those of the sample obtained after hydrolysis and decar- 
boxylation of the product from the 1,3-dipolar addition reaction 
between 2,7-diinethyl-6-azaindolizine and dimethyl acetylenedi- 
carboxylate. 

Methylene-1,l'-( 2,2',3,3',7,7'-hexamethyl)di-6-azaindolizine 
(18). Addition of 40% aqueous formaldehyde (2.0 ml) to a solution 
of 2,3,7-trimethyl-6-azaindolizine (3, 0.8 g, 5 mmol) in ethanol (3 
ml) gave on gentle reflux for 15 min a cloudy solution from which 
yellow needles of the symmetrical di-6-azaindolizylmethane (18, 
0.73 g, 88%) precipitated. Recrystallization from ethyl acetate gave 
the compound 18: mp 238-240' dec; A,,, 376, 299, 287, 277 (infl), 

243 nm (log c 3.22, 3.91, 3.91, 3.83, 4.53, respectively); ir 850, 1120, 
1175,1240,1350,1420,1620 cm-'; lH  NMR (CDC18) 6 2.04 (6 H, 2- 
and 2'-Me), 2.32 (6 H ,3 -  and 3'-Me), 2.39 (6 H,7-  and 7'-Me),3.97 
(2  H, bridge methylene), 6.68 (2 H, H-8 and H-8'), 8.44 (2 H, H-5 
and H-5'). 

Anal. Calcd for C21H24N4: C, 75.9; H, 7.3; N, 16.8. Found: C, 
76.0; H, 7.5; N, 17.1. 
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Carboxylate groups exert specific syn-directing effects on the epoxidation of adjacent double bonds in the ab- 
sence of steric or conformational effects. Peracid epoxidation of dimethyl trans-1,Z-dihydrophthalate is stereo- 
specific and gives a 90:9.5:0.5 mixture of diepoxides 2,3, and 4 in 95-98% yields. Epoxidation converts monoepox- 
ide 5 to diepoxide 2 In 100% selectivity, and dimethyl 1,4-dihydrophthalate to a 75:25 mixture of the cis and trans 
monoepoxides. Cis diepoxide 4 is obtained by thermal rearrangement of endo peroxide 11. Irradiation of 11 in cy- 
clohexane gives a mixture of 4 and unsaturated diol 12. Both catalytic hydrogenation and lithium aluminum hy- 
dride reduction of diepoxide 2 are regiospecific and give alcohols 13 and 14. 

Epoxidation'  a n d  photooxygenation2 a r e  valuable for 
stereospecific introduction of oxygen into olefins. The 
stereochemistry of epoxidations a n d  of ring opening reac- 
t ions of epoxides has been extensively ~ t u d i e d . ~  T h e r e  is 

considerable interest  in  syntheses a n d  reactions of cyclo- 
hexadiene d i e p o x i d e ~ * - ~  and i n  1,4-endo peroxides (1,4-epi- 
dioxide  compound^)^ as precursors t o  cis diepoxides by 
thermal8 or  photochemical  rearrangement^.^ Recently,  iso- 
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meric di- and triepoxides of benzene and annulenes have 
been reported.1° 

The stereospecific syn-directing effects of allylic alcohols 
in epoxidations were first described by Henbestll and Al- 
brecht12 in 1957. Much has been published since on the 
stereochemistry of epoxidation and directive effects of 
polar substituents. For studying the latter, substituted 
1,3-cyclohexadiene is a good system; it is nearly flat and 
has no steric or conformational interferences. We have 
been studying the chemistry or dihydrophthalic acid deriv- 
a t i v e ~ ’ ~  and here report our results on stereospecific epox- 
idations of the dihydrophthalates, regiospecific reductions 
of the epoxides, and the preparation, rearrangement, and 
reductions of 1,2-dihydrophthalate endo peroxides. 

Results 
Epoxidation of dimethyl trans -1,2-dihydrophthalate (1) 

with excess m-chloroperbenzoic acid in chloroform gave 
95-98% yields of a 90:9.5:0.5 mixture of all three possible 
diepoxides 2, 3, and 4 and 2-5% dimethyl phthalate 
(Scheme I). The ratio of products showed little dependence 

Scheme I 

‘ o C O 2 C H J  + @COACHJ + o u C O , C H J  

0,’ “C0,CHI “C02CH, 6- “C02CH, 
2 3 4 

2RC0,H f (90:9.50.5) 

C f C O A C H 1  

5 6 
(90: 10) 

5 2 
(100) 

6 3 4 

on solvent, temperature, or peracid. Diepoxide 2 was 
formed with 87-93% selectivity in methylene chloride, chlo- 
roform, or benzene at  20-80’ using perbenzoic, m-chloro- 
perbenzoic, or peracetic acid buffered with sodium carbon- 
ate. Alkaline hydrogen peroxide in methanol converted 1 to 
dimethyl phthalate and dimethyl 1,4-dihydrophthalate (8). 

Reaction of 1 with 1 equiv of m-chloroperbenzoic acid 
gave high yields of a 9:l mixture of monoepoxides 5 and 6 
plus 2-5% dimethyl phthalate. Further reaction of the mo- 
noepoxides with peracid gave the same mixture of diepox- 
ides 2, 3, and 4 obtained directly from 1. Monoepoxides 5 
and 6 are particularly reactive as they are allylic ethers and 
contain tertiary hydrogens activated by carbomethoxy 
groups. In the presence of acid or base, or on attempted 
chromatography over silica gel or alumina, they are rapidly 
converted to dimethyl phthalate. An isomerically pure 

sample of cis monoepoxide 5 was obtained by diazo- 
methane esterification of the corresponding diacid, which 
is the exclusive product from peracid monoepoxidation of 
trans-1,2-dihydrophthalic acid.14 Epoxidation of cis mo- 
noepoxide 5 was 100% stereospecific; 2 was the only diepox- 
ide formed. To account for the 0.5% yield of cis diepoxide 4, 
trans monoepoxide 6 must be converted to diepoxides 3 
and 4 in a ratio of 955. 

Reaction of dimethyl cis-1,2-dihydrophthalate (7) with 
m-chloroperbenzoic acid, under conditions that gave high 
yields of diepoxides from trans-1,2-dihydrophthalate ( l ) ,  
led exclusively to formation of dimethyl phthalate (Scheme 
11). 

Scheme I1 

RC0,H a:; - 
7 

OH OH 

-H20 / -nlo 1 -H+ 

Reaction of dimethyl 1,4-dihydrophthalate (8) with 1 or 
more equiv of m-chloroperbenzoic acid in refluxing chloro- 
form gave 95% of monoepoxides and 5% of dimethyl 
phthalate. Epoxidation of 8 was less stereospecific than ep- 
oxidation of 1; a 75:25 mixture of cis and trans epoxides 9 
and 10 was formed. The homoallylic monoepoxides 9 and 
10 were more stable than monoepoxides 5 and 6; they could 
be chromatographed on silica gel, but were converted to di- 
methyl phthalate on alumina. 

aCOICFI, 0 D C 0 2 C H l  4- &aCO$Hj 

COiCH, CO,CH, COZCH, 

8 9 10 
(75:25)  

As cis diepoxide 4 was obtained in such low yield (0.5%) 
by direct epoxidation of diene 1, we studied an alternative 
route, the rearrangement of 1,4-endo peroxides to cis diep- 
o x i d e ~ . ~ ~ ~ ~ ~ J ~  The required endo peroxide 1 115 was prepared 

OH 
-CO,CH 

OH 
11 12 

in 98% yield by reaction of 1 in acetone with singlet oxygen 
generated photochemically using rose bengal as the sensi- 
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tizer. In refluxing xylene 11 was converted to cis diepoxide 
4 (35% yield) and dimethyl 3-hydroxyphthalate. The endo 
peroxide was also isomerized to cis diepoxide 4 photochem- 
ically by irradiation in methanol or cyclohexane solution. 
In cyclohexane, unsaturated diol 12 was formed (15% yield) 
in addition to 4 (6% yield) by trapping of the intermediate 
diradicalg by solvent in competition with intramolecular 
addition of the dioxygen diradical to the double bond 
(Scheme IV). 

Catalytic hydrogenation of diepoxide 2 in methanol 
using palladium on carbon catalyst gave a mixture of diols 
from which a single crystalline diol 13 was isolated in 70% 
yield. Lithium aluminum hydride reduction of 13 afforded &..’., p; 

, ‘T02CHJ 

OH OH 
I I 

13 14 

tetraol 14 in high yield. Reduction of 2 with lithium alumi- 
num hydride in tetrahydrofuran gave the same stereoiso- 
mer 14, isolated in 54% yield, and overreduced products 
(diols and hydrocarbons). 

Isomeric diols 15 and 17 and a tetraol 16 were needed to 
aid in the characterization and assignment of stereochemis- 
try to the major product from epoxidation of 1 and its re- 
duction products. We prepared 1515 in 80% yield by cata- 

@C02CH @.:XII)) 
15 16 

“C02CH 

OH OH 

CO,CH, 

COZCH, 

HO 

HO” 
18 

HO” XT:;:: 
17 

lytic hydrogenation of endo peroxide 11 in methanol over a 
palladium on carbon catalyst. Lithium aluminum hydride 
reduction of 15 in tetrahydrofuran gave tetraol 16. 

The syntheses of 4,5-dihydroxyhexahydrophthalates 17 
and 18 are outlined in Scheme 111. Epoxidation of dimethyl 
cis-1,2,3,6-tetrahydrophthalate gave a mixture of monoe- 
poxides that was converted by aqueous hydrolysis to the 
trans 4,5-diol (18) of cis-tetrahydrophtha1ate,l6 which is a 
noncrystallizable viscous oil. Epimerization of dimethyl 
cis-1,2,3,6-tetrahydrophthalate in methanolic potassium 
hydroxide gave a 3:l mixture of trans- and cis-1,2,3,6-te- 
trahydrophthalates which was converted to a 3:l mixture of 
17 and 18 by epoxidation and hydrolysis. The trans 4,5-diol 
(17) of trans-tetrahydrophthalate is crystalline, and was 
isolated from the mixture by crystallization from benzene. 

Discussion 
Diepoxide 4, formed in 0.5% yield from bisepoxidation of 

1, was identified by comparison with diepoxide obtained by 
thermal rearrangement of endo peroxide 11. Assignment of 
stereochemistry to the major diepoxide of 1 as that indicat- 
ed by 2 rather than 3 was based on the following evidence: 
it was reduced to 13 and 14, the diaxial alcohols expected 
from trans-coplanar epoxide ring opening of 2, and not 24, 
the diol expected from reduction of 3; and it was identical 
with the dimethyl ester of 3cu,8P-dioxatricyclo[5. 1.0.02,4]oc- 

Scheme I11 
0 

MeOH 
BFjEt,O 

0- 

0 

+ 

HO“ C02CH, HO” 
18 17 

(k3) 

tane-5~1,6~-dicarboxylic acid (the diacid corresponding to 
structure 2), obtained by peracid epoxidation of trans-1,Z- 
dihydrophthalic acid.14 The product formed in 9.5% yield 
was isomeric with diepoxides 2 and 4 and, therefore, must 
have structure 3. 

The stereochemistry of epoxidations is determined by 
the ease of approach of the peracid to the more stable con- 
former of a substituted olefin. In the absence of directing 
effects from polar substituents, epoxidation would take 
place from the less hindered side to give trans epoxides. As 
1 is nearly planar, there should be no steric or conforma- 
tional preferences for epoxidation syn or anti to the carbox- 
ylate substituents. I t  is surprising, therefore, that epoxida- 
tion of 1 proceeded in 90% stereospecificity to monoepox- 
ide 5 ,  and to diepoxide 2. We propose that a carboxylate 
group exerts a syn-directive effect on the stereochemistry 
of peracid epoxidations and that, in the absence of steric 
effects, syn epoxidation will predominate to give epoxide 
cis to the carboxylate (cis epoxide). 

Although much has been published on the stereochemis- 
try of epoxidations and the syn directive effects of allylic 
alcohols,l little is known about directive effects of carbox- 
ylate substituents. The stereospecific directive effect of al- 
lylic hydroxyl groups is due to stabilization of the transi- 
tion state leading to cis epoxides by hydrogen bonding to 
the peracid.l1J2J7 This interaction is more effective when 
the directing group is in the pseudoequatorial position.18J9 
Where no such hydrogen bonding is possible, as for allylic 
ethers, trans epoxides are formed. Epoxide substituents do  
not show syn directive e€fects, so epoxidation of epoxycy- 
clohexenes gives mainly trans d i e p o x i d e ~ . ~ ~ ~ J ~  Epoxidation 
of allylic acetates is not very stereospecific, but generally 
gives more of the cis epoxides than expected on the basis of 
steric interactions alone.ls Carboxylate and acetate substit- 
uents show specific directing effects on the stereochemistry 
of the mechanistically closely related Simmons-Smith cy- 
clopropanation reaction, but are not as effective as hydrox- 
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yl groups.20 A free carboxylic acid is a more effective syn 
directing group than a carboxylate ester, as peracid epox- 
idation of trans-1,2-dihydrophthalic acid gave only the cis 
monoepoxide.14 An ester is a better syn-directing group 
than acetate. Epoxidation of trans-5,6-diacetoxycyclohexa- 
1,3-diene (19) gave a 2:l mixture of cis and trans monoe- 
poxides,17 compared to a 9:l mixture of 5 and 6 from the 
corresponding dicarboxylate 1. Cis diacetate 20 gave 90% 
trans monoepoxide;21 apparently the steric influence of the 
pseudoaxial acetate in 20 overcomes any directive effect of 
the acetate group. 

19 (2:l) 

20 (1:9) 

The high degree of stereochemical control found for al- 
lylic carboxylates may be due to stabilization of the transi- 
tion state (possibly 21 and/or 22 for carboxylic acids) lead- 
ing to syn epoxidations when the carboxylate is pseudoe- 
quatorial and there are no interfering steric or conforma- 
tional effects. The relative order of effectiveness for syn- 
directing allylic substituents is --OH >> -C02H > -C02R >> 
-O&R. 

R 

21 

i 
R 

22 

Monoepoxides 5 and 6 could not be separated and isolat- 
ed in a pure state, owing to their tendency to aromatize to 
dimethyl phthalate by loss of water. They were character- 
ized as a mixture of 90% 5 and 10% 6 by peracid conversion 
to a 90:9.5:0.5 mixture of 2, 3, and 4. Epoxidation of 5, ob- 
tained isomerically pure by esterification of the diacid,14 
was 100% stereospecific to 2, owing to a combination of the 
syn directive effect of the allylic pseudoequatorial carbox- 
ylate and the steric effect of the adjacent epoxide group. In 
epoxidation of 6 there is a competition between the carbox- 
ylate directing effect to give 4, and the epoxide steric effect 
to give 3. The latter dominated almost completely, as the 
ratio of 3 to 4 was 955  (Scheme I). 

We were not able to isolate epoxides of dimethyl cis-1,2- 
dihydrophthalate (7). Reaction of 7 with peracid gave di- 
methyl phthalate, presumably by acid-catalyzed or thermal 
isomerization or an intermediate monoepoxide and dehy- 
dration (Scheme 11). Epoxidation of the monoepoxide is ex- 
pected to be very slow, as approach of peroxy acid from ei- 
ther side of the double bond is sterically hindered by the 
epoxide or pseudoaxial carboxylate. 

Epoxidation of dimethyl 1,4-dihydrophthalate (8) gave 
only monoepoxides, as the double bond conjugated to the 
carboxylate is deactivated toward attack by electrophilic 
peracid reagent. The reaction was less stereospecific and 
gave a 75:25 mixture of cis and trans epoxides 9 and 10, due 
to the conformational effects in l,4-cyclohexadienes. In the 

more stable flattened-boat conformation of 8, the pseudo- 
equatorial carboxylate would direct syn epoxidation to the 
more sterically crowded inside face. Thus, attack of peracid 
from the unhindered side, leading to trans epoxide, is ex- 
pected to be more important than in the absence of this 
conformational e f f e ~ t . ~ ~ ~ ~ , ~ ~  

8 

10 

Assignment of stereochemistry to 9 and 10 was made by 
comparison of their NMR spectra. Multiplets assigned to 
H1 a t  6 3.25, HZ (H3) at  4.10, and H3 (H2) a t  3.48 in the 
major product were shifted 0.10-0.15 ppm higher in the 
minor product, whereas the other ring hydrogens had the 
same chemical shifts in both isomers. Inspection of models 
of each isomer showed that in structure 10 HI, H2, and H3 
are closer to the oxirane oxygen or the carboxylate group 
than in structure 9. As the deshielding anisotropic effects 
of these substituents are expected to increase the chemical 
shifts of adjacent hydrogens, the higher chemical shifts 
found for HI, Hz, and H3 in the minor product show that it 
is the trans epoxide 10, and that the major product is 9. 

The structures of diols 15, 17, and 18 and tetraol 16 were 
unambiguously determined by their methods of synthesis. 
Both catalytic hydrogenation and lithium aluminum hy- 
dride reductions of 2 were regiospecific and gave products 
with the same stereochemistry; tetraol obtained by hydride 
reduction of 2 was identical with the product from hydro- 
genation of 2 followed by hydride reduction. 

The hydrogenation product of 2 was assigned structure 
13, rather than the other possible isomers 17 or 23, and the 

CO2CH3 & COZCH, 

HO" 'C02CHj HO' 'C02CH3 
17 23 

HO.. 

HO Ef:::::: 
24 

hydride reduction product was characterized as 14, based 
on the following evidence. Diol 17 was prepared by an inde- 
pendent synthesis and was different than the hydrogena- 
tion product. The hydrogenation product gave a negative 
periodate test for uic-glycols, as did the 1,4-diol 15. Struc- 
ture 24, the product expected from reduction of diepoxide 
3, was ruled out because it is expected to give a positive 
periodate test,24 as did the 1,2-diols 17 and 18. The NMR 
spectra of 13 and 14 are consistent with the proposed struc- 
tures, are similar to the spectra of stereoisomers 15 and 16, 
and are different from 17 and spectra expected for struc- 
ture 23. NMR spectral data and assignments for com- 
pounds 13, 14, 15, 16, and 17 are shown in Table I. Struc- 
ture 13 is identical with 15, and 14 is identical with 16, ex- 
cept for the stereochemistry at  C3. H3 and have the 
same chemical shifts in 13 (6 4.40) as Hg in 15 (6 4.10); H3 
and H6 have the same chemical shifts in 14 (6  4.14) as He in 
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Table I 
NMR Spectraa of Substituted Cyclohexane Diols of General Structure 

HO 

(R = CHLOH or CO,CH,) 

HO 

(13) 3.12s 3.12s 4.40s 1.80 m 1.80 m 4.40s . ,  

6 H  

COzCH3 + OH ''CQCH, 
(15) 2.94s 2.88 db -3.76 1.80 m 1.80 m 4.40s 

QH 
CH20H 

b,, (14) 1 .85m 1 .85m 4.14s 1 .75m 1.75m 4.14s 3.66m 

OH 

@ 
CH,OH 

(16) (1.4-2.0 m)  3.6-4.0m (1.4-2.0m) 4.18s 2.6-4.Om 
"CH,OH 

OH 

H 0 ~ m 2 c H 3  (17) 3.00 m 3.00 m 1.94 m 3.85s 3.85s 1.94m 
HO' *C02CH3 

3.70 s 

3.70 s, 3.73 s 

3.72 s 

a All spectra were run in D,O; chemical shifts ( 6 ,  100 MHz) were measured in parts per million from TSP (sodium 3- 
trimethylsilylpropionate-d,). b H, is a doublet, J H , - H ,  = 9 Hz; H, is partially buried under the methyl ester peak at 3.70. 

16 (6 4.18). The cis coupling constants between HI and H6 
in all four structures and between H2 and H3 in 13 and 14 
are expected to be small,14 and the observed couplings are 
less than 1 Hz. 

Hydride reductions of substituted cyclohexene oxides 
are generally quite regiospecific. The stereochemistry is de- 
termined by trans-coplanar (diaxial) attack of hydride on 
the more stable conformer, and in conformationally rigid 
systems the axial alcohol is f0rmed.39~~ Tetraol 14 is the 
product expected from diaxial opening of both epoxide 
groups and reduction of the esters in 2. Catalytic hydroge- 
nation gave the diaxial diol 13, which is the stereoisomer 
predicted by approach of the diepoxide from its less hin- 
dered side to the hydrogenated metal surface. 

Cis diepoxides are not formed to any appreciable extent 
by direct epoxidation of dienes. Thermala or photochemi- 
ca19 rearrangements of endo peroxides, readily available by 
Diels-Alder reactions of conjugated dienes and singlet oxy- 
gen,2 produce cis diepoxides stereospecifically. Some endo 
peroxides are so prone to undergo this transformation that 
they cannot be isolated a t  room temperature;1° others are 
stable a t  200°.26 Endo peroxide 11 was thermally stable at 
looo, and required higher temperatures to effect isomeriza- 
tion. The same products are obtained and the same mecha- 
nism is proposed for thermal as for photochemical rear- 
rangements of endo peroxides? Isolation of 12 from irra- 
diation of a cyclohexane solution of 11 (Scheme IV) is good 
evidence for the proposed dioxygen diradical intermediate. 
Common side products in these isomerizations are @,r- 
epoxy ketones or products derived from these by a 1,2-hy- 
dride shift in the diradical and ring closure. The formation 
of dimethyl 3-hydroxyphthalate can be explained in this 
way. 

Scheme IV 
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OH 

COzCHB 
f% 
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12 CO,CH,, 

CO,CH:, 
Experimental  Section 

NMR spectra were recorded on a Joel H-100 spectrometer and 
are reported in parts per million (6) downfield from internal MedSi 
or TSP (for D20 solvent). Infrared spectra were recorded on a Per- 
kin-Elmer 237B spectrophotometer. GC analyses were obtained on 
a Hewlett-Packard Model 5750 gas chromograph attached to a 
Varian Aerograph Model 477 digital integrator, using a 15 f t  X 
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0.125 in. column packed with 10% OV 210 (methyl silicone with 
50% trifluoropropyl groups) on Chromosorb W (80/100). Melting 
points are uncorrected. 

Dimethyl 3a,8~-Dioxatricyclo[5.l.O.O2~4]octane-5a,6~-dicar- 
boxylate (2). A solution of 6.30 g (32 mmol) of l I 3  and 13.50 g 
(66.5 mmol) of 85% m-chloroperbenzoic acid in 250 ml of CHClB 
was refluxed for 4 hr. The solution was extracted with 5% NaHC03 
(4 X 200 ml) and HzO (200 ml). The CHC13 solution was dried, fil- 
tered, and evaporated to dryness under reduced pressure to give 
7.30 g of a 90:9.5:0.5 mixture of 2, 3, and 4 (98%) and dimethyl 
phthalate (2%). The product mixture was dissolved in 20 ml of 
warm CC4; 10 ml of hexane was added and the solution was cooled 
to 0' and filtered. 2, 4.75 g, was obtained as a white, crystalline 
solid, mp 96-100'. A second recrystallization from carbon tetra- 
chloride-hexane (5:l) raised the melting point to 104-105': ir 
(Nujol) 1737, 1440, 1300, 1280, 1250, 1235, 1190, 1180, 1020, 987, 
895, 768, 750 cm-'; NMR (CDC13) 6 3.40 (s, 2 H), 3.52 (s,4 H),  3.80 
(s, 6 H); mle (M+) 228.0643 (calcd, 228.0634). 

Anal. Calcd for CloHlzO6: C, 52.6; H,  5.3. Found: C, 52.5; H, 5.1. 
Dimethyl 3~,8a-Dioxatricyclo[5.1.0.02~4]~ctane-5a,6~-dicar- 

boxylate (3). Recrystallization of the mother liquors from above, 
containing a 70:28:2 ratio of 2, 3, and 4, from CCL-hexane (2:l) 
gave a second crop of 2 (96% pure) and filtrates that consisted of 
48% 2, 49% 3, and 3% 4. Solvent was removed and the residue was 
recrystallized from acetone to give a 9O:lO mixture of 3 and 2. Pure 
3 was obtained by recrystallization of this enriched mixture from 
CClr-hexane (2:l): mp 139.0-139.5'; ir (Nujol) 1742, 1725, 1435, 
1270, 1245, 1015, 1005, 900, 875, 840, 765, 725, 690 cm-l; NMR 
(CDC13) 6 3.50 (m, 2 H), 3.64 (m, 2 H), 3.82 (s, 8 H); mle (M+) 
228.0625 (calcd, 228.0634). 

Anal. Calcd for C10H1206: C, 52.6; H, 5.3. Found: C, 52.4; H,  5.3. 
Dimethyl 3a,8a-Dioxatricyclo[5.1.0.02~4]~ctane-5a,6~-dicar- 

boxylate (4). Removal of most of the diepoxides 2 and 3 from the 
products obtained by epoxidation of 1 left a viscous oil that con- 
tained about 20% of diepoxide 4, which was identified in this mix- 
ture by GC and NMR by comparison with spectra of diepoxide iso- 
lated by thermal rearrangement of 11. 

4 by Thermal  Rearrangement of Endo Peroxide 11. A solu- 
tion of 2.40 g of 11 in 50 ml of p-xylene was refluxed for 20 hr. The 
solution was decanted from a small amount of an insoluble gum 
and the xylene was distilled at  reduced pressure, leaving a yellow, 
viscous oil (2.20 g). NMR and GC analysis of the product mixture 
showed that it contained 35 wt % of 4. Fractions containing a total 
of 0.58 g (25%) of 4 were obtained by column chromatography of 
the crude products over silica gel, using benzene as eluent. Recrys- 
tallization from Et20 at  -78O gave 0.48 g of 4 as a crystalline solid, 
mp 76-78'. 4 was further purified by recrystallization from Cc4: 
mp 79-80'; ir (Nujol) 1735 (shoulders a t  1745 and 1725), 1470, 
1440,1300, 1280, 1265, 1245, 1230, 1170, 1150, 1020, 960,945,920, 
865,785, 770,735 cm-l; NMR (CDC13) 6 3.20 (m, 1 H), 3.24 (m, 2 
H), 3.40 (m, 1 H), 3.50 (m, 2 H), 3.76 (s, 6 H); mle 229 (P + 1). 

Anal. Calcd for CloHl206: C, 52.6; H, 5.3. Found: C, 52.4; H, 5.1. 
Elution of the silica gel column, containing the products from 

thermal reaction of 11, with CHC13 gave 1.20 g (about 50%) of a 
gummy solid, that  was mainly dimethyl 3-hydrox~phthalate:~~ ir 
(Nujol) 3400, 1715, 1600, 1575, 1325-1200, 1125, 1065, 885, 880, 
800, 785, 765, 710 cm-I; NMR (CDC13) 6 7.74 (m, 1 H), 7.3-6.8 (m, 
3 H), 3.92 (s, 3 H), 3.86 (s, 3 H); mle 210. 

Dimethyl 7g-Oxabicyclo[4.1.0]hept-4-ene-2j3,3a-dicarbox- 
ylate (5). Monoepoxide 5 was prepared by esterification with dia- 
zomethane of the corresponding diacid, obtained by monoepoxida- 
tion of trans-1,2-dihydrophthalic acid13 according to the proce- 
dure described by Ber~htold. '~  I t  was pure by GC: ir (film) 1737, 
1435, 1305, 1275, 1195, 1165, 1020, 980, 860, 755 cm-'; NMR 
(CDC13) 6 3.14 (m, 1 H),  3.40 (m, 1 H), 3.55 (m, 1 H), 3.72 (m, 4 H),  
3.80 (s ,3  H), 6.00 (m, 2 H). 

Dimethyl 78- and 7a-Oxabicyclo[4.1.0]hept-4-ene-2j3,3a- 
dicarboxylates (5 and 6) by Epoxidation of 1. A solution of 4.85 
g (24.7 mmol) of 1 and 5.20 g (25.6 mmol) of 85% m-chloroperben- 
zoic acid in 200 ml of CHCl3 was refluxed for 2 hr. The reaction 
product was worked up as described above. A yellow oil (5.20 g) 
was obtained that contained 3% of dimethyl phthalate (by NMR) 
and 4% of 2 (by GC). The ir and NMR spectra of the product mix- 
ture were similar to those of pure 5. Chromatography over alumi- 
na, silica gel, or Florisil converted 5 and 6 to dimethyl phthalate. 
Relative composition could not be determined by GC as the mo- 
noepoxides partially decomposed to dimethyl phthalate and un- 
identified products: mle (on mixture of 5 and 6) 212 (76), 210 (1.61, 
196 (7.3), 194 (14). The composition of 5 and 6 was shown to be 

9010 by reaction of the mixture with 1 equiv of m-chloroperoben- 
zoic acid to give 90% 2 (from 5), 9.5% 3, and 0.5% 4 (from 6). 

Dimethyl 78- and 7a-Oxabicyclo[4.1.0]hept-3-ene-2~,3-di- 
carboxylates (9 and  10). A solution of 4.60 g (23.4 mmol) of 
and 5.30 g (26.2 mmol) of 85% m-chloroperbenzoic acid in 100 ml 
of chloroform was refluxed for 6 hr. A viscous oil (4.90 g, 98% yield) 
was obtained that consisted of 9 (69%), 10 (23%), dimethyl phthal- 
ate (4%), and unidentified products (-4%). The monoepoxides 
were purified and partially separated by chromatography over sili- 
ca gel. Preparative GC afforded pure samples of 9 and 10. 

9: ir (film) 1736, 1720 (shoulder), 1662, 1435, 1365, 1312, 1265, 
1200, 1174, 1125, 1095, 1055, 1035, 1015, 950, 825, 807, 760, 735 
cm-'; NMR (CDC13) 6 2.74 (m, 2 H), 3.25 (m, 1 H), 3.48 (m, 1 H), 
3.72 (s, 6 H), 4.10 (m, 1 H), 6.80 (m, 1 H); mle 212. 

Anal. (M+) Calcd for C10H1205: 212.06847. Found: 212.06735. 
10: ir (film) 1740, 1717, 1660, 1435, 1360, 1300, 1262, 1225, 1198, 

1170, 1035, 1025, 785, 760 cm-l; NMR (CDC13) 6 2.74 (m, 2 H), 
3.36 (m, 1 H), 3.64 (m, 1 H), 3.72 (s, 3 H), 3.76 (s, 3 H), 4.20 (m, 1 
H), 6.80 (m, 1 H); mle 212. 

Anal. (M+) Calcd for C10H1205: 212.06847. Found: 212.06735. 
Dimethyl 7,8-Dioxabicyclo[ 2.2.21oct-2-ene- traas-5,6-dicar- 

boxylate (ll).I5 A solution of 2.00 g (10.2 mmol) of 1 in 550 ml of 
acetone containing 50 mg of rose bengal was irradiated through a 
Pyrex filter by a Hanovia 450-W medium-pressure mercury im- 
mersion lamp at  22' for 30 min. A stream of oxygen was bubbled 
through the solution at a rate of 150 ml/min during the irradiation. 
Acetone was removed under reduced pressure. The residue was 
dissolved in Et20 and filtered. Removal of solvent left 2.28 g (98%) 
of 11 as a pale yellow, viscous oil. The product was purified by 
chromatography in benzene over silica gel. Pure 11 (1.58 g) was ob- 
tained ir (film) 1737, 1440, 1375, 1325, 1290, 1265, 1240, 1210, 
1180, 1055, 980, 940, 875, 760, 705 cm-l; NMR (cc14) 6 2.95 (m, 1 
H), 3.63 (s, 3 H),  3.74 (s,3 H),3.78 (m, 1 H), 4.93 (m, 2 H),6.54 (m, 
2 H); MS m/e (re1 intensity) 228 (2.61, 197 (6.91, 196 (12.1), 169 
(2.1), 164 (lZ.l), 137 (100.0), 136 (20.2). 

Anal. Calcd for ClOH1206: C, 52.6; H, 5.3. Found: C, 52.7; H, 5.1. 
Dimethyl lj3,4~-Dihydroxycyclohex-5-ene-2~,3a-dicarbox- 

ylate (12). A solution of 1.02 g of 11 in 500 ml of cyclohexane was 
irradiated as above. The solvent was removed under vacuum. The 
residue was taken up in benzene and filtered to give 0.15 g (15%) of 
12. Examination of the mother liquor by NMR showed the pres- 
ence of about 6% 4. Recrystallization of 12 from acetone-benzene 
(1:l) gave a pure product: mp 160.5-161.5'; ir (Nujol) 3275, 1740, 
1725,1440,1335,1225,1200,1187,1135,1070,1050,1030,970,950, 
900, 880,820, 790,755 cm-l; NMR (DzO) 6 3.0 (m, 2 H), 3.74 ( s , 3  
H), 3.78 (s, 3 H), 4.20 (m, 1 H), 4.55 (m, 1 H), 5.92 (s, 2 H); MS mle 
(re1 intensity) 230 (1.9), 198 (4.0), 154 (9.7), 152 (9.5), 136 (loo), 
122 (10.4). 

Irradiation of a solution of 11 (1.0 g) in methanol (550 ml) as 
above gave a 10% yield of 4 (by NMR and GC). None of 12 was ob- 
tained. 

Dimethyl l~,4a-Dihydroxycyclohexane-2~,3a-dicarboxyl- 
a te  (13). 1 (2.0 g) in 100 ml of methanol was hydrogenated in a 
rocking autoclave using 0.50 g of 5% Pd/C, under a pressure of 500 
psi of 'hydrogen at  23' for 17 hr. After filtering, removing solvent 
a t  reduced pressure, and recrystallizing from benzene, we obtained 
1.39 g (68%) of 13: mp 134-135' (after two recrystallizations from 
benzene); ir (Nujol) 3550, 3500, 3450 (shoulder), 1735, 1718, 1440, 
1315, 1300, 1240, 1220, 1190, 1175, 1167, 1115, 1050, 1035, 1000, 
967, 900 cm-*; NMR (Table I); MS mle (re1 intensity) 233 (1.3), 
232 (0.01, 214 (3.7), 145 (100.0), 113 (90.0). 

Anal. Calcd for C10H1606: C, 51.7; H, 7.0. Found: C, 51.6; H, 7.0. 
1&4a-Dihydroxy-2j3,3a-bis( hydroxymethyl)cyclohexane 

(14). A solution of 1.19 g (5.13 mmol) of 13 in 10 ml of THF was 
added slowly to a stirred suspension of 1.10 g (29.0 mmol) of lithi- 
um aluminum hydride in 25 ml of THF at  10-20' under nitrogen. 
The mixture was stirred at  10' for 30 min, then refluxed for 2 hr. 
To the cooled reaction mixture, 1 in1 of water was added with rapid 
stirring, followed by 1 ml of 15% sodium hydroxide and 3 ml of 
water. The solids were filtered and washed with THF (300 ml). 
The solution was dried, filtered, and evaporated to dryness under 
vacuum to give 0.81 g (90%) of 14. Two recrystallizations from ace- 
tone gave a pure product: mp 132-133'; ir (Nujol) 3400-3200, 
1420, 1360, 1288, 1200, 1185, 1100, 1075, 1015, 980, 940, 905, 865, 
820 cm-'; NMR (Table I); MS m/e (re1 intensity) 177 (l.O), 176 

Anal. Calcd for C8H1604: C, 54.5; H, 9.2. Found: C, 54.4; H, 9.0. 
14 by Hydride Reduction of 1. A solution of 4.42 g (19.4 mmol) 

of 1 in 30 ml of THF was added to a stirred suspension of 4.00 g 

(0.3),158 (0.5), 140 (ia.o), 110 (20.0) 85 (62.0), 79 (25.0), 54 (100.0). 
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(105 mmol) of lithium aluminum hydride in 100 ml of THF. The 
mixture was refluxed for 2 hr and the products were isolated as 
above. Recrystallization of the crude products from acetone gave 
1.85 g (54%) of 14, which was identical with the product from hy- 
dride reduction of 13. 
Dimethyl l@,4@-Dihydroxycyclohexane-2~,3a-dicarboxyl- 

ate ( 15).15 11 (0.98 g) dissolved in 100 ml of methanol was hydro- 
genated in a rocking autoclave using 0.50 g of 5% PdlC under a 500 
psi pressure of hydrogen a t  23O for 17 hr. The catalyst was re- 
moved and the solvent evaporated under vacuum. Recrystalliza- 
tion of the residue from benzene gave 0.75 g (80%) of 15: mp 131'; 
ir (Nujol) 3300, 1743, 1720, 1485, 1435, 1377, 1365, 1260, 1217, 
1200, 1180, 1165, 1130, 1070, 1050, 1030, 1015, 987, 950, 930, 880, 
775 cm-I; NMR (Table I); MS mle (re1 intensity) 233 (0.11, 214 
(O.l), 155 (7.0), 146 (29.6), 145 (85.2), 114 (66.2), 113 (100.0). 

Anal. Calcd for C10H1606: C, 51.7; H, 7.0. Found: C, 51.8; H, 6.9. 
1@,4@-Dihydroxy-2@,3~-bis(hydroxymethyl)cyclohexane 

(16). A solution of 2.85 g (12.3 mmol) of 15 in 80 ml of THF was 
added to a stirred suspension of 4.08 g (107 mmol) of lithium alu- 
minum hydride in 100 ml of THF. The mixture was refluxed for 2 
hr and the products were isolated as above to give 1.65 g (76%) of 
16. Two recrystallizations from methanol-benzene (1:l) gave 1.19 g 
(55%) of pure 16: mp 180-181°; ir (Nujol) 3300-3150, 1485, 1340, 
1315, 1280, 1215, 1190, 1100, 1087, 1060, 1040,995,975, 940, 900, 
855, 820, 730 cm-'; NMR (Table I); MS mle (re1 intensity) 177 
(5.41, 159 (1.5), 141 (9.8), 140 (6.8), 123 (9.1), 110 (21.1), 87 (25.01, 
85 (44.3), 54 (100.0). 

Anal. Calcd for CsH1604: C, 54.5; H, 9.2. Found: C, 54.4; H, 9.0. 
Dimethyl 4a,5@-Dihydroxycyclohexane-lfl,2fl-dicarboxyl- 

ate (18). A solution of 12.0 g (59 mmol) of 85% m-chloroperoxy- 
benzoic acid and 9.90 g (50 mmol) of dimethyl cis-1,2,3,6-tetrahy- 
d r ~ p h t h a l a t e l ~  in 300 ml of benzene was stirred at room tempera- 
ture for 2.5 days. The precipitated m-chlorobenzoic acid was re- 
moved and the benzene solution was extracted with 5% sodium bi- 
carbonate (4 X 200 ml). The solution was dried, filtered, and evap- 
orated under vacuum to give 9.67 g (90%) of a light yellow oil, that 
consisted of a 5:l mixture of trans and cis epoxides of cis-1,2,3,6- 
tetrahydrophthalate. 

The monoepoxide (1.0 g) was refluxed in 50 ml of water for 2 hr. 
Water was removed under vacuum and the residue was extracted 
with Et20 (4 X 200 ml). Removal of the solvent left 1.08 g (100%) 
of 18 as a colorless, viscous oil: ir (film) 3450, 1735, 1440, 1265, 
1215,1165,1065,1015,1000,945,920,890,850,820,785,690 cm-'; 
NMR (D2O) 6 1.70 (m, 2 H), 2.3 (m, 2 H), 2.9 (m, 1 H), 3.2-3.6 (m, 
3 H), 3.68 (s,6 H). 

Anal. Calcd for CloH1606: C, 51.7; H, 7.0. Found: C, 51.8; H, 6.8. 
Dimethyl 4a,5@-Dihydroxycyclohexane-l@,2a-dicarboxyl- 

ate (17). Dimethyl cis-1,2,3,6-tetrahydrophthalate (16 g) was ep- 
imerized to a 74:26 mixture of trans- and cis-1,2,3,6-tetrahydro- 
phthalates by refluxing in 200 ml of CH30H containing 1.96 g of 
potassium hydroxide. The solvent was removed under vacuum. 
The residue was dissolved in benzene and extracted with water. 
The solution was dried, filtered, and distilled a t  75-80° (9.5 Torr) 
to give 9.60 g (48.5 mmol) of a mixture of 76% trans- and 24% cis- 
1,2,3,6-tetrahydrophthalate. This was stirred with 10.6 g (52 
mmol) of 85% m-chloroperbenzoic acid in 300 ml of CHCl3 at room 
temperature for 20 hr. This mixture of monoepoxides (6.50 g) was 
refluxed in 300 ml of water for 4 hr. Water was removed under vac- 
uum to give 6.67 g (97%) of a 3:l mixture of 17 and 18. 17 was iso- 
lated by crystallization from benzene. A second recrystallization 
from benzene gave pure 17: mp 123-124O; ir (Nujol) 3350, 3275, 

1730, 1335, 1280, 1250, 1205, 1185, 1162, 1050, 1035, 940, 915, 887 
cm-'; NMR (Table I). 

Anal. Calcd for C10H1606: C, 51.7; H,  7.0. Found C, 51.8, H,  6.8. 
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