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al though extrapolations are clearly possible t o  o the r  sol- 
v e n t ~ . ~ '  Furthermore,  the kinetic data apply only t o  the 
liquid-liquid system examined b y   stark^.^^ It has been 
shown that similarities exist for solid-liquid and liquid- 
liquid systems when a qua te rna ry  salt is used as the cat-  
alyst,48 but i t  is not clear that our own work bears extension 
in  accord with these observations. 

Summary 
It is shown that homogeneous sodium cation binding (K,  

in methanol) is  linearly proportional to the number  of 
binding sites available in  the PEG cation binder. It is 
further apparent that these substances can catalyze liq- 
uid-liquid phase-transfer reactions as well as aliphatic 
crown ethers can. F r o m  the kinetics and other compari-  
sons, i t  seems that each oligoethylene glycol chain com- 
plexes and transports  one cation in the phase-transfer 
process. Thus, increasing the number of PEG molecules 
without increasing the number of donor  atoms increases 
the ra t e  of the phase-transfer catalytic process. 

Experimental Section 
Binding Constants. The poly(ethy1ene glycols) and poly- 

(ethylene glycol) methyl ethers of average molecular weight 
300-14000 were obtained from the Aldrich Chemical Co. The 
binding constants for these ligands with sodium ion (chloride 
counterion) were determined in absolute methanol solution a t  
25.0 f 0.1 "C. The measurements were made with an Orion Model 
701A Ionalyzer millivolt meter by using a Coming 476210 sodium 
ion electrode and an Ag/AgCl reference electrode. The apparatus 
was contained in a dry box, and the solution temperature was 
maintained by using di-n-butyl phthalate as a heat-transfer 
solvent. 

Experiments consisted of measuring the emf of the cell for the 
solutions of sodium ions with and without the ligand. The typical 
concentration of sodium (NaCl) was approximately 2 mM, and 
that of the ligands was 3-5 mM. Binding constants were calcu- 
lated by the method of F r e n s d ~ r f f . ~ ~  

Since the binding constants varied linearly with the average 
molecular weight of the poly(ethy1ene glycol), a series of mea- 
surements were done in which complexation of sodium was studied 
with solutions containing a constant weight (0.5 g in 50 mL) of 
all the poly(ethy1ene glycols) in the molecular weight range 
300-14000. The emf readings showed that the extent of sodium 
ion complexation in all these solutions was nearly the same, with 

a slight peak at the poly(ethy1ene glycol) with an average molecular 
weight of 1000. 

Kinetics of Phase-Transfer Processes. The reactions were 
conducted as described by StarksB except that one-tenth the scale 
was employed. A 100-mL round-bottomed flask was charged with 
n-octyl chloride (0.067 mol, 10 g), n-decane (2.5 mL), H 2 0  (2.5 
mL), and the particular catalyst (1.5 mol %, 0.001 mol). This 
mixture was heated to -50 "C and stirred magnetically a t  
maximum speed. Sodium cyanide (0.204 mol, 10 g) was then 
added, and this mixture was quickly heated to the reflux tem- 
perature ( N 105 "C). Aliquots were removed from the reaction 
flask at  various time intervals beginning with t = 0. The aliquots 
were diluted with an equal volume of HzO. The samples were 
analyzed by injecting 1 pL of the organic layer into a Varian 
Associates Model 920 analytical gas chromatograph equipped with 
a thermal conductivity detector and a 5 f t  X 0.25 in. 1.5% OV-101 
on a 100-120-mesh NAW Chromosorb G column a t  a flow rate 
of ca. 60 mL/min of He with a column temperature of 70 "C.  
Chromatogram peak heights were then measured and compared 
relative to internal standard n-decane. The percent unreacted 
octyl chloride was calculated utilizing eq 2 and 3. 

(octyl chloride),,o(n-decane),,, 
(n-decane),,, 

= (octyl chloride)initid (2) 

(octyl chloride),,,o, 

(octyl chloride)initid 
x 100 = % unreacted octyl chloride (3) 

Rate constants were obtained by averaging the percent halide 
remaining at each time interval, determining its natural logarithm, 
and then determining the slope (by least-squares analysis) of In 
% vs. time. The pseudo-first-order rate constants are given in 
reciprocal seconds and are the average of at  least three runs in 
each case. 

Chemicals and Reagents. All solvents were of the highest 
grade commercially available and were used without further 
purification. Polyethylene glycols, monomethyl ethers, and crowns 
were purchased from the Aldrich Chemical Co. 21-Crown-7 and 
24-crown-8 were prepared by a modification of our previously 
reported procedure,49 and all crowns were distilled prior to use. 
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A new synthetic route to pentaprismane (1) has been developed. The key intermediate,.endo-carbometh- 
oxypentacyclo[4.4.0.02~5.03~9.04~8]decan-7-one (5a), was prepared in six steps from 4,4-dimethoxycyclohexa-2,5- 
dien-1-one (lob) in an overall yield of 23%. Photochemical closure of the Diels-Alder adduct 8b, obtained from 
cyclobutadiene and lob, gave 10,1O-dimethoxypentacyclo[4.4.0.0z~5.03~9.04~8]decan-7-one (7b). Methylenation of 
7b followed by hydroboration and oxidation afforded 9-hydroxy-lO-oxahexacyclo[6.4.0.~~7.d~6.~~1z.~~9]d~e~- 11-one 
(18a), which was esterified to  give 5a. 

The recent  synthesis of pentaprismane ( 1)lv2 follows 
more  than a decade of research b y  numerous  chemists 
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employing diverse strategies t o  obtain this  elusive hydro- 
carbom3 The at t ract ion lies no t  only in  t h e  aesthetic 
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simplicity of the polycycle but also in its high strain energy 
which has been estimated as 135.7 kcal/moL4 Studies of 
the more strained analogues of pentaprismane, tetrapris- 
mane (cubane, 2l,Bv6 and triprismane (prismane, 3)798 have 
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5 
revealed several interesting skeletal  rearrangement^.^ 
Thus, a prime motive for the preparation of pentaprismane 
is the study of its reactivity relative to the other members 
of its class. 

Our work toward the pentaprismane skeleton has been 
directed along two general routes: the transannular re- 
ductive coupling of the seco-pentaprismanedione PI0 and 

a R = OMe 
b R = H  

the preparation of a dicarbonyl compound 511 suitable for 
an acyloin condensation and a subsequent Favorskii ring 
contraction. The ineffectiveness of the former strategy was 
exposed throughout many trials under diverse reaction 
conditions. The inability to obtain the pentaprismane 
skeleton by such couplings was attributed to the distance 
between the coupling centers.10 The latter approach was 
developed in an effort to surmount this difficulty, by 
bringing the coupling centers closer together. Indeed, this 
strategy was employed by Eaton2 in his recent reported 
synthesis of 1. Eaton prepared pentaprismane from the 
tricyclic Diels-Alder adduct of 5,5-dimethoxy-1,2,3,4- 
tetrachlorocyclopenta-1,3-diene and benzoquinone in 17 
steps via the key intermediate, ketoester 5a. In the present 
work, an alternate synthesis of 5a is described which offers 
a new variant for the preparation of pentaprismane com- 
pounds. 

Retrosynthetically, 5a can arise from the hydrolysis of 
the ketal 6, whereas 6 is derived from a one-carbon ho- 
mologation of the ketone 7a. The ketone 7a should be 

~ ~ ~~ 

(1) Hexacyclo[5.3.0.02~6.03J0.04~9.05~8]decane. 
(2) Eaton, P. E.; Or, Y. S.; Branca, S. J. J. Am. Chem. SOC. 1981,103, 

2134. 
(3) (a) Shen, K. J. Am. Chem. SOC. 1971,93,3064. (b) Allred, E. L.; 

Beck, B. R. Tetrahedron Lett. 1974, 437. (c) McKennis, J. S.; Brener, 
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(5) Pentacycl0[4.2.0.0~~~.0~~~.0~~~]0ctane. 
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(7) Tetracycl0[2.2.0.0~~~.0~~~] hexane. 
(8) Katz, T. J.; Acton, N. J. Am. Chem. SOC. 1973, 95, 2738. 
(9) (a) Hogeveen, H.; Volger, H. C. Chem. Commun. 1967, 133. (b) 

Kaiser, K. L.; Childs, R. F.; Maitlis, P. M. J. Am. Chem. SOC. 1971, 93, 
1270. (c) Cassar, L.; Eaton, P. E.; Halpern, J. Zbid, 1970,92,3515. (d) 
C o h a n ,  J. P. Acc. Chem. Res. 1968, I ,  136. (e) Cassar, L.; Eaton, P. E.; 
Halpern, J. P. J. Am. Chem. SOC. 1970,92,6366. (0 Paquette, L. A. In 
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(10) Kielbania, A. J., Jr. Ph.D. Thesis, University of California, 
Berkeley, CA, 1974. 

(11) Rivers, G. T. Ph.D. Thesis, University of California, Berkeley, CA, 
1976. 
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a R = CHzCHZ 
b R = M e  

c 
a X = O  
b X = (OMe)2 

readily obtained from the dione 4. Pettit and co-workers” 
have prepared 4 by the photochemical closure of endo- 
tricyclo[4.4.0.02~6]deca-3,8-diene-7,10-dione (Sa), obtained 
as a Diels-Alder adduct by the oxidative liberation of 
cyclobutadiene from its iron complex in the presence of 
benzoquinone (see Scheme I). 

Initial attempts to prepare 7a gave inconsistent results. 
The diene 8a was found to be unstable and light sensitive, 
and the dione 4 had a propensity for hydration. For 
minimization of these difficulties, the three-reaction se- 
quence from benzoquinone to 7a was conducted with pu- 
rification only after ketalization. Yields for this trans- 
formation ranged from 5% to lo%, and often mixtures of 
7a and the diketal9 were obtained. Although 9 could be 

converted to 7a in good yield, this route was abandoned, 
and the search for a more dependable sequence began. 

A monoprotected benzoquinone was employed in the 
Diels-Alder reaction with cyclobutadiene to avoid the 
problems associated with the diketone 4a. Reaction of 
4-cyano-4-(trimethylsiloxy)cyclohexa-2,5-dien-l-one ( 10a)12 

x 

IIR 
a X = OSiMe3,CN 
b X = (OMe)* 
c X = NSOZPh 

or N-phenylsulfonyl-p-benzoquinone monoimine (10c)13 
with cyclobutadiene afforded only polymeric products and 
tars, regardless of the solvent or the oxidant of the cy- 

(12) Evans, D. A.; Truesdale, D. K.; Carroll, G. L. J. Chem. SOC., 

(13) Adams, R.; Edwards, J. D., Jr. J. Am. Chem. SOC. 1952, 74,2605. 
Chem. Commun. 1973, 55. 
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clobutadiene complex emp10yed.I~ The desired adduct 
8b was obtained when the cycloaddition was carried out 
in a nonaqueous, basic medium with 4,4-dimethoxycyclo- 
hexadienone (10b)15 as the dienophile. 

Established procedures for obtaining cyclobutadiene 
adducta under basic conditions require the use of pyridine 
as the solvent and lead tetraacetate as the oxidizing agent, 
with a cyclobutadiene complex/dieneophile molar ratio of 
2.0.16 Small-scale preparations under these conditions 
posed no great problems. However, due to the sensitivity 
of 8a to hydrolysis, an aqueous workup could not be used. 
This caused large-scale preparations, requiring the removal 
of large volumes of pyridine, to be quite tedious. It was 
found that reduction of the pyridine/lead tetraacetate 
molar ratio to 1.5 and substitution of benzene for the re- 
maining solvent was quite effective for this transforma- 
tion.17 Although this necessitated an increase in the cy- 
clobutadiene complex/dienophile molar ratio from 2.0 to 
2.75 to ensure complete consumption of the dienophile, 
it was accompanied by an increase in yield of cycloadduct 
8b from 62% to 92%. Photochemical closure of 8b pro- 
ceeded smmoothly to give the polycyclic ketal ketone 7b 
in 45-6570 yield. 

The projected transformation of 7b to the keto ester 5a 
is illustrated in Scheme 11. Wittig olefination of 7b to give 
the unsaturated ketal 11, followed by hydroboration, 
should afford the hydroxymethyl compound 12. The endo 
stereochemistry, essential for the eventual dicarbonyl 
coupling, is fixed by the delivery of hydrogen by borane 
to the more substituted carbon of the olefin from its ste- 
rically accessible exo face. The endo face of olefin 11 is 
shielded from attack by the carbon framework and the 
ketal functionality. Oxidation and esterification of 12 
would give the ester 6b which should be easily converted 
to 5a upon hydrolysis. 

Treatment of 7b with 2 equiv of methylenetriphenyl- 
phosphine, forming the ylide in benzene with sodium 
tert-amylate,Is gave 11 in 85% yield. Allowing 7b to react 
with an ether solution of the ylide, generated by n-bu- 
tyl l i thi~m,’~ or with a dimethyl sulfoxide solution of the 

(14) Poulin, J. C., personal communication. 
(15) (a) Durckheimer, W.; Cohen, L. A. Biochemistry 1964,3,1949. (b) 

McKillop, A.; Perry, D. H.; Edwards, M. J. Org. Chem. 1976, 41, 282. 
(16) (a) Masamune, S.; Nakamura, N.; Spadaro, J. J. Am. Chem. SOC. 

1975, 97, 918. (b) Pettit, R.; Barborak, J. C. Ibid. 1967, 89, 3080. 
(17) House, H. 0. “Modern Synthetic Reactions”, 2nd ed., The Ben- 

jamin/Cummings Publishing Co.: Menlo Park, CA, 1942; pp 363-364. 
The elimination of pyridine from the reaction mixture was not a feasible 
alternative since it is known to enhance the oxidative power of lead 
tetraacetate. This is thought to be due to the formation of a lead- 
pyridine bond which facilitates the loss of an acetate ion, thus decreasing 
the electron density around the lead atom. 

(18) Conia, J. M.; Limasset, J. C. Bull. Chim. SOC. Fr. 1967, 6,  1936. 
(19) Wittig, G.; Schoellkopf, U. Org. Synth. 1960, 40, 66. 

kk Ik 
ylide, generated by sodium dimyslate,20 failed to produce 
any characterizable compounds. Hydroboration21 of 11 
usually afforded the desired alcohol 12 as the major 
product in 80-90% yield, but always with varying amounts 
of a byproduct. In one trial, this “byproduct” was the sole 
product and was identified as the hemiketal 13a, the 
formal hydrolysis product of 12. The hemiketal 13a does 
not arise from simple acid hydrolysis of 12 since this 
process has been shown to give the methyl ketal 13b. The 
formation of 13b from hydrolysis of 12 is attributed not 
only to an entropic preference of intramolecular attack over 
intermolecular attack of the methoxy-stabilized carbonium 
ion 14 (see eq 1) but also to the relief of considerable steric 

@Me OMe z:H 9 OMe -+ 9 (1) 
H ‘ C H ~ O H  ‘ C H ~ O H  

I 4  k t  k2 
a R = H  

b R = M e  

strain. The change in enthalpy for the transformation of 
12 to 13b and methanol has been estimated by molecular 
mechanics22 as -0.49 kcal/mol, whereas the change in 
strain energy for this system is -2.90 kcal/mol. 

Thus, 13a must result from the hydrolysis of the in- 
termediate 15 prior to peroxide oxidation (see Scheme 111). 
This is feasible due to the absence of an internal nucleo- 
phile, as the nascent hydroxyl functionality is masked as 
an alkylborane. Hydrolysis of 15 proceeds to give the keto 
borane 16. Oxidation of 16 yields the transient keto alcohol 
13a’ which tautomerizes to its more stable hemiketal form 
13a.23 

The acid promoting this deketalization is suspected to 
be boric acid, resulting from the quenching of borane with 
water. Control experiments, however, pointed to a more 
complex phenomena. I t  was expected that longer time 
periods between the aqueous quench and the basic per- 
oxide oxidation would lead to a greater predominance of 
13a in the product mixture. This was not observed, and 
the percentage of 13a in the product mixture has yet to 
be correlated with experimental conditions. But, addition 

(20) Greenwald, R.; Chaykovsky, M.; Corey, E. J. J .  Org. Chem. 1963, 
28, 1128. 

(21) Brown, H. C. “Organic Syntheses via Boranes”; Wiley: New York, 
1975; pp 25-26. 
(22) (a) Allinger, N. L. J. Am. Chem. SOC. 1977,99,8127. (b) Allinger, 

N. L.; Chang, S. H.-M.; Glaser, D. H.; Honig, H. Isr. J .  Chem. 1980, 20, 
51. (c) This program was obtained from QPCE, program No. 395. 

(23) The existence of an equilibrium between 13a and 13a’ cannot be 
detected by ’H NMR, IR, or I3C NMR spectroscopy. 
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of dilute mineral acid after the aqueous borane quench, 
followed by neutralization and the normal oxidation pro- 
cedure, did give 13a as the exclusive product in 76% yield. 

All attempts to oxidize the alcohol 12 under acidic 
conditions (i.e., Jones oxidation,24 PCC,25 and a phase- 
transfer method using chromic acid2'? led either to the 
isolation of 13b or to a diverse array of products. The 
isolation of 13b came as little surprise considering the acid 
lability of 12. Examination of the other products by lH 
NMR revealed that the carbon framework had been de- 
graded, as signals corresponding to aliphatic protons or 
protons attached to unstrained carbon atoms were present. 
The Collins oxidation27 of 12 gave the corresponding al- 
dehyde 17 in good yield. Unfortunately, 17 resisted oxi- 
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Scheme IV 

--OMe 

k l  
dation or decomposed when treated with basic silver ox- 
ide,28 silver oxide in THF,29 or purple benzene.30 It is 
probable that the oxidation of 17 is sluggish due to steric 
congestion about the carbonyl center. This could allow 
degradative oxidations to become competitive, given a 
sufficiently strong oxidant. Attempted hydrolysis of 17 
to the keto aldehyde 5b or its hemiketal led only to bad 
mixtures .by TLC analysis. 

At this point, attention was directed to the oxidation of 
the hemiketal13a. Specifically, the possibility of oxidizing 
13a to the hydroxy lactone 18a with ruthenium tetraoxide 

a R = H  
b R = M e  

was explored. Ruthenium tetraoxide is known to be a 
powerful oxidant,31 capable of converting ethers to lac- 
tones. In fact, in this laboratory, the oxidation of the 
polycyclic ether 19 to its lactone 20 has been accomplished 
in 80% yield by utilizing this oxidant (see eq 2). The 

ZQ. 

(24) Bonnell, A.; Halsall, T. G.; Jones, E. R. H.; Lemin, A. J. J. Chem. 

(25) Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 2647. 
(26) Pletcher, D.; Tait, S. J. D. J.  Chem. Soc., Perkin Trans. 2 1979, 

(27) Radcliffe, R.; Rodehurst, R. J .  Org. Chem. 1970, 35, 4000. 
(28) Campaigne, E.; LeSeur, N. M. "Organic Syntheses"; Wiley: New 

(29) Shamura, M.; Rodriguez, H. R. Tetrahedron 1968, 24, 6583. 
(30) Sam, D. J.; Simmons, H. E. J .  Am. Chem. SOC. 1972, 94, 4024. 
(31) (a) Smith, A. B., 111; Scarborough, R. M. Jr. Synth. Commun. 

1980,10,205. (b) Berkowitz, L. M.; Rylander, P. N. J. Am. Chem. Soc. 
1958,80,6682. (c )  Moriarty, R. M.; Gopal, H.; Adams, T. Tetrahedron 
Lett. 1970, 4003. 

SOC. 1963, 2548. 
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York, 1963; Collect. Vol. IV, p 919. 
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reaction of 13a in a two-phase system of carbon tetra- 
chloride and aqueous sodium metaperiodate with a cata- 
lytic amount of ruthenium dioxide3lC failed to give 18a. 
This unreactivity was attributed to the formation of the 
ruthenate ester 21. Since 21 is a tertiary ruthenate ester, 

.0Ru04H 90 
a 

there is no pathway for the reductive elimination of a 
ruthenium species, thus effectively blocking this catalytic 
oxidation. Under identical reaction conditions, the 
methoxy lactone 18b was obtained by oxidation of 13b in 
85% yield. 

The oxidation of 13a was achieved in 80% yield by the 
addition of 4 equiv of potassium hydroxide to the reaction 
mixture. The function of the base is to establish an 
equilibrium between the anion of 13a and the anion of its 
open form, the alkoxy ketone 13a' (see Scheme IV). The 
primary alkoxide 13a' is then oxidized to the carboxylate 
22 which upon acidification yields 18a. Under these con- 
ditions, the active oxidant is ruthenate ion (Ru0,2-), which 
is formed by the two-electron reduction of ruthenium 
tetraoxide by hydroxide ion.32 Although ruthenate ion is 
less reactive than ruthenium tetraoxide, it has proven very 
useful in the oxidation of alcohols in basic media.32 The 
oxidation of 13a to 18a can also be carried out stochiom- 
etrically in aqueous sodium ruthenate. 

The keto ester 5a was easily obtained in 61% yield by 
treatment of 18a with potassium fluoride and methyl 
iodide in DMF.33 Eaton2 has also accomplished this 
conversion using diazomethane. The overall yield of 5a 
based on 4,4-dimethoxycyclohexadienone (lob) is 23%. 

The true versatility of this synthetic route lies in the easy 
access of substituted pentaprismanes, which may be useful 
in reactivity studies. By modification of the monopro- 
tected benzoquinone derivatives used in the cycloaddition 
with cyclobutadiene, various 3-, 5-, 8-, or 10-multisubsti- 
tuted pentaprismanes can be obtained. Furthermore, by 
synthesis of (cyc1obutadiene)iron tricacarbonyl derivatives, 
substituents can also be placed at the 1-, 2-, 6-, and 7 -  
positions. 

(32) (a) Lee, D. G.; Hall, D. T.; Cleland, J. H. Can. J .  Chem. 1972,50, 
3741. (b) Coates, R. N.; Senter, P. D.; Baker, W. R. J. Org. Chem. 1982, 
47, 3597. (c) Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S.; Keck, 
G. E.; Gopalan, B.; Larsen, S. D.; Siret, P.; Gras, J. J .  Am. Chem. SOC. 
1978,100,8034. 

(33) Clark, J. H.; Miller, J. M. Tetrahedron Lett. 1977, 599. 
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a white solid. The material was recrystallized from ether to give 
an analytical sample: mp 112.5-114.0 "C; IR (CHCI,) 3000,1735, 
1325,1145,1105,1060,890 cm-'; 'H NMR (CDCl,) 6 2.83 (m, 2), 
3.07 (s, 3), 3.18 (8 ,  3), 3.30 (m, 6); I3C NMR (CDC1,) 6 35.8 (2), 
41.3 (2), 43.6 (2), 45.3 (2), 49.2, 52.0, 110.7, 217.6. Anal. Calcd 
for C12H1403: C, 69.88; H, 6.84. Found: C, 69.83; H, 6.76. 

10,10-Dimethoxy-7-methylidenepentacyclo[ 4.4.0.02*5. 
03~9.04~8]decane (11). To a stirred suspension of 1.82 g (5.1 mmol) 
of methyltriphenylphosphonium bromide in benzene (20 mL) 
under a nitrogen atmosphere was added 3.6 mL of a 1.40 M 
solution of sodium tert-amylate in toluene (5.1 mmol). The 
resulting bright yellow solution was allowed to stir a t  room tem- 
perature for 10 min, and 0.60 g (2.9 mmol) of 7b was added. The 
reaction mixture was heated under reflux for 10 h. The reaction 
mixture was diluted with water (15 mL) and extracted with ether 
(2 X 25 mL). The combined ethereal extracts were washed with 
saturated sodium chloride solution (20 mL), dried (MgSO,), and 
concentrated to give a viscous tan oil. The oil was chromato- 
graphed on 50 g of silica gel (1:l ether/hexane) to give 0.51 g (2.5 
mmol, 85%) of a clear oil: IR (neat) 2980,2840, 1665,1320,1140, 
1105, 1055, 1015, 885 cm-'; 'H NMR (CDCl,) 6 3.07 (s, 3), 3.13 
(m, 8), 3.17 (s, 3), 4.66 (s, 2); I3C NMR (CDC1,) 6 39.2 (2), 40.9 
(2), 43.7 (2), 44.1 (2), 48.0, 51.5, 102.3, 112.3, 156.1. Anal. Calcd 
for C13H1602: C, 76.44; H, 7.90. Found: C, 76.26; H, 7.87. 
9-Hydroxy- l0-oxahexacyclo[ 6.4.0.02~7.03~6.04~'2.05~g]dodecane 

(13a). To a stirred solution of 0.26 g (1.3 mmol) of 11 in THF 
(5  mL) at 0 "C under a nitrogen atmosphere was added, dropwise 
via syringe during 5 min, 1.3 mL of a 1 M solution of borane in 
THF (1.3 mmol). The reaction mixture was allowed to warm to 
room temperature and stir for 0.5 h. The excess hydride was 
destroyed by the addition of water (0.5 mL). After hydrogen 
evolution had ceased, 0.4 mL of a 3 M solution of sulfuric acid 
(1.2 mmol) was added, and stirring was continued for 0.5 h. At 
this time, 0.9 mL of a 3 M solution of sodium hydroxide was added 
to the mixture followed by the dropwise addition, during 5 min, 
of 0.9 mL of a 30% solution of hydrogen peroxide. The reaction 
mixture was heated under reflux for 1.5 h. The reaction mixture 
was diluted with water (10 mL) and extracted with ether (2 X 
15 mL). The combined ethereal extracts were dried (MgSO,) and 
concentrated to give a gummy solid. The solid was purified by 
medium-pressure liquid chromatography (1:l ether/hexane) to 
afford 0.17 g (1.0 mmol, 76%) of a white solid. An analytical 
sample was obtained by recrystallization from ether: mp 200-203 
"C dec; IR (CHC1,) 3580,3340 (br), 2980,1325,1300,1170,1130, 
1060, 955 cm-'; 'H NMR (CC14) 6 1.83 (br s, l), 2.77 (m, 2) 3.07 
(m, 6), 3.86 (br s, l ) ,  4.18 (d, 2, J = 2.25 Hz); I3C NMR (CDCl,) 
6 39.3,41.1 (2), 42.4 (2), 43.5 (2), 46.3 (2), 67.7,107.4; mass spectrum 
(70 eV), m / e  176 (parent). Anal. Calcd for CllH1202: C, 74.98; 
H, 6.86. Found: C, 75.10; H, 6.87. 

9-Hydroxy- l0-oxahexacyclo[ 6.4.0.02~7.03~6.04~'2.05~9]dodecan- 
11-one (Ma). To a stirred suspension of 0.10 g (0.6 mmol) of 13a 
and 0.02 g (0.13 mmol) of ruthenium dioxide in CCl, (8 mL) and 
0.7 mL of a 3 M solution of sodium hydroxide (2.1 mmol) was 
added a solution of 0.38 g (1.8 mmol) of sodium metaperiodate 
in water (8 mL). The reaction mixture was allowed to stir until 
the yellow color of ruthenium tetraoxide persisted (-3 h). The 
excess oxidant was quenched by the addition of 2-propanol (1 mL). 
The reaction mixture was filtered to remove the precipitated 
ruthenium dioxide, acidified to pH 3 with a 6 M solution of 
hydrochloric acid, and extracted with chloroform ( 5  X 20 mL). 
The combined chloroform extracts were dried (MgSOJ and 
concentrated to give 0.08 (0.4 mmol, 80%) of an off-white solid. 
The material was recrystallized from ether to afford an analytical 
sample: mp 217-219 "C dec; IR (KBr) 3375, 3000, 1705, 1408, 
1330,1303,1243,980,760 cm-'; 'H NMR (CD3COCD3) 6 2.65 (m, 
l), 2.84 (m, 2), 3.19 (m, 6), 6.07 (br s, 1); I3C NMR (CD3COCD3) 
6 38.7 (2), 41.4 (4), 44.5 (2), 47.6, 113.1, 172.2. Anal. Calcd for 
CllH1003: C, 69.46; H, 5.30. Found: C, 69.62; H, 5.49. 
endo - l0-Carbomethoxypentacyclo[ 4.4.0.02~5.03~9.04~s]decan- 

7-one (5a). A solution of 0.24 g (2.5 mmol) of potassium fluoride 
dihydrate and 0.23 g (0.1 mL, 1.6 mmol) of methyl iodide in 
N,N-dimethylformamide (4 mL) was allowed to stir at  room 
temperature for 0.5 h. At this time, 0.09 g (0.5 mmol) of 18a was 
added, and stirring was continued for 5 h. The reaction mixture 
was diluted with water (40 mL) and extracted with ether ( 5  X 
20 mL). The combined ethereal extracts were dried (MgSOJ and 

Experimental Section 

General Methods. Solvents were dried and/or distilled under 
a nitrogen atmosphere prior to use when this was deemed nec- 
essary: from sodium-benzophenone ketyl for ethyl ether and 
tetrahydrofuran (THF); from CaHz for benzene; with 3A molecular 
sieves for N,N-dimethylformamide; from barium oxide for pyr- 
idine. Reagents were purified by standard procedures when 
a p p r ~ p r i a t e . ~ ~  

Preparative thin-layer chromatography was performed on 1- 
or 2-mm thick, 12-cm diameter, circular silica gel plates, which 
were rotated by using a Harrison Research Model 7824 Chro- 
matotron. Most reactions were followed by analytical thin-layer 
chromatography with precoated Analtech Uniplates (0.25 pm 
thick). Compounds were visualized by aqueous sulfuric acid spray, 
ethanolic phosphomolybdic acid spray or iodine vapor. Column 
chromatography was done by using 70-230 mesh silica gel. 
Medium-pressure liquid chromatography (MPLC) was done by 
using an apparatus constructed of Ace or Altex columns packed 
with Whatman LPS-1 (13-24 pm) silica gel, a FMI lab pump and 
pulse dampener, and a Waters differential refractometer. 

Melting points were determined on a Buchi melting point 
apparatus and are uncorrected. 

'H NMR were recorded on a Varian T-60 (60 MHz), a Varian 
EM-390 (90 MHz), a UCB-180 (180 MHz, FT), or a UCB-250 (250 
MHz, FT) spectrometer. I3C NMR were recorded on a Nicolet 
TT-23 (25.14 MHz) or a UCB-250 (63 MHz) spectrometer. 
Chemical shifts are reported in units of 6 from internal tetra- 
methylsilane. 'H NMR data are tabulated in the following order: 
multiplicity (9, singlet; br s, broad singlet; d, doublet; t, triplet; 
q, quartet; m, multiplet), number of protons, coupling constants 
in hertz. IR spectra were recorded on a Perkin-Elmer Model 281 
or Model 710A spectrometer. Mass spectral data were collected 
on an AEI MS-12 (low resolution) or a Du Pont CEC 21-llOB 
(high resolution) instrument. Elemental analyses were performed 
by the Microanalytical Laboratory operated by the College of 
Chemistry, University of California, Berkeley. 

10,10-Dimethoxy-endo -tricycle[ 4.4.0.d5]deca-4,8-dien-7-one 
(8b). To a mechanically stirred solution of 24.2 g (25 mL, 0.2 mol) 
of pyridine in benzene (115 mL) under a nitrogen atmosphere 
was added 90.7 g (0.2 mol) of lead tetraacetate. The reaction 
mixture, dark orange from the formation of the lead tetra- 
acetatepyridme complex, was allowed to stir at  room temperature 
for 0.5 h. A solution of 3.1 g (20 mmol) of 4,4-dimethoxycyclo- 
hexa-2,5-dienone (lob) in benzene (10 mL) was added to the 
reaction mixture, followed by the dropwise addition, during 3.5 
h, of a solution of 10.52 g (55 mmol) of tri~arbony1(~~-1,3-cyclo- 
b~tadiene)iron,~ in benzene (60 mL), and the reaction mixture 
was allowed to stir at  room temperature until carbon monoxide 
evolution had ceased (-2 h). The mixture was filtered through 
a bed of activity I neutral alumina and concentrated to give an 
orange oil. The oil was purified by medium-pressure liquid 
chromatography (2:l hexane/ether) to  afford 3.76 g (18 mmol, 
92%) of a yellow oil which solidified upon refrigeration. This 
material was sufficiently pure to  be utilized in the subsequent 
irradiation. The analytically pure, white, crystalline solid was 
obtained upon trituration with hexane: mp 63.0-63.5 "C; IR 
(CHC13) 3045,1715,1675, 1365,1215,1135,1060 cm-'; 'H NMR 
(CDCI,) 6 3.07 (s, 3), 3.13 (br m, 2), 3.17 (s, 3), 3.40 (br m, 2), 5.73 
(m, l), 5.80 (br dd, 1, J = 11.0, 1.5 Hz), 5.90 (m, l), 6.36 (br dd, 
1, J = 11.0, 1.5 Hz); NMR (CDC13) 6 37.7,41.5,44.1, 45.4,48.2, 
48.9, 95.4, 134.4, 137.4, 139.2, 147.5, 198.7. Anal. Calcd for 
C12H1403: C, 69.88; H, 6.84. Found: C, 69.70; H, 6.73. 

10,lO-Dimet hoxypentacyclo[ 4.4.0.02~5.03~9.04~s]decan-7-one 
(7b). A solution of 1.24 g (6.0 mmol) of 8b in ether (650 mL) was 
degassed with nitrogen for 15 min and then irradiated with a 
450- W medium-pressure Hanovia lamp through a uranium filter 
for 2.0 h. The solution was concentrated to give a light yellow 
oil. The oil was purified by medium-pressure liquid chroma- 
tography (1:l ether/hexane) to afford 0.65 g (3.2 mmol, 53%) of 

(34) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. "Purification of 

(35) (a) Henery, J.; Pettit, R. Org. Synth. 1970,50, 36. (b) Pettit, R.; 
Laboratory Chemicals"; Pergamon Press: New York, 1966. 

Henery, J. Ibid. 1970, 50, 21. 
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concentrated to give an oily yellow solid. The solid was chro- 
matographed on 25 g of activity I neutral alumina (3:2 ether/ 
hexane) to afford 0.06 g (0.3 mmol, 61%) of a white solid: mp 
92-93 OC (lit.2 mp 93-95 "C); IR (CHCl3) 3000,1740,1435,1285, 
1265, 1210, 1025 cm-'; 'H NMR (CDCI3) 6 2.53 (t, 1, J = 3.3 Hz), 
2.83 (m, 2), 3.17 (m, 2), 3.30 (m, 2), 3.48 (8 ,  3), 3.50 (m, 2); 13C 
NMR (CDCld 6 35.6 (2), 42.7 (2), 44.6 (2), 46.2 (2), 51.4,52.1,170.7, 
219.1. Anal. Calcd for C12H12O3: C, 70.57; H, 5.92. Found: C, 

70.84; H, 5.99. 
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M o m  and dicarboxylated derivatives have been obtained by electroreduction of various unsaturated compounds 
in acetonitrile a t  a mercury-pool cathode in the presence of methyl chloroformate. Unsaturated compounds included 
activated olefins, ketones, aromatic Schiff bases, nitro compounds, and nitrogen heterocycles. The distribution 
of the products and their yields depend on the nature of the supporting electrolyte (Et4NC104 or LiC104). Fkduction 
mechanisms accounting for the nature of the reduction products are proposed on the basis of voltammetric and 
coulometric data. In some cases it is possible to obtain the kinetic parameters. 

The electrochemical reductive carboxylation with C02 
in aprotic solvents has been described for a number of 
substrates: polycyclic aromatic hydrocarbons,' olefins,2-10 
 acetylene^,^ alkyl halides,* azomethine com- 
p o u n d ~ , ' ~ - ~ ~  and N-heterocyclic compounds.'"18 

The standard potential for the reduction of C02 in dry 
DMF is -2.21 V vs. SCE,'O and its value should not be very 
different in acetonitrile. This negative value explains that 
few carboxylations have been carried out by reduction of 
C02 to its radical anion COz-., which would further react 
with the substrate. Besides the formation of oxalic acid 
by reaction of COz-. with C02120 only ethyleneg and buta- 
dienelO have been carboxylated in this way. In all the other 
experiments, the substrate is reduced to a radical anion 
that reacts with COz to give a carboxylated radical. This 
radical is reduced in turn to a dianion that undergoes a 
second carboxylation or a protonation by the residual water 
(Scheme I). Most often these carboxylic acids are then 
transformed into esters. 

Scheme I 

A + e e A-. - ACOO-. 
coz 

ACOO-. + e - A C O O ~ - ~ A ( C O O - ) ~  

%HACOO- 

We report herein the direct formation of esters through 
the reduction of unsaturated compounds in acetonitrile in 
the presence of methyl chloroformate. 

As concerns the mechanism of this reaction, several 
possibilities must be taken into account as in the case of 
the reduction of unsaturated derivatives in the presence 
of halogenated derivatives as e l e c t r o p h i l e ~ : ~ ~ - ~ ~  

Laboratoire de Physicochimie des Solutions. 

Laboratoire d'Electrochimie. 
* Laboratoire de Chimie des HBtBrocycles. 

(i) A reaction between the substrate and ClCOOCH, 
may occur to give a cation.2s This positively charged 
species will be more easily reduced than the substrate-for 
example, an immonium cation is more easily reduced than 
an imine-and a new more positive reduction wave will 
appear on the cyclic vo l tamm~gram.~~ 

(ii) In other cases an ECEC mechanism as in Scheme 
I may take place, and the different possible reactions are 
summarized in Scheme 11. The substrate is first reduced 
to a radical anion, which can either react with ClCOOCH, 
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