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Intramolecular coupling reactions of ketene dithioacetal groups with enol ether and alcohol nucleophiles have been studied. The reactions
were initiated by an anodic oxidation of the ketene dithioacetal and proved to be compatible with the formation of five- or six-member rings,
as well as the stereoselective generation of quaternary carbons.

While the anodic oxidation of alkyl and silyl enol ethers has example, we recently demonstrated that the use of a ketene
been used to make a variety of new ring systéfsimilar dithioacetal initiating group provided an effective solution
reactions utilizing ketene acetal functional groups are¥are. for the key problem encountered when trying to employ the
This is disappointing since initiating an oxidative cyclization anodic coupling of two enol ether moieties to construct the
reaction by oxidizing a ketene acetal derivative has the key bicyclo[3.2.1]octane portion of scopadulcic acid B
potential to provide a direct route to new rings having (Figure 1)3*¢ While the initial cyclization reactions pro-
carboxylic acid derivatives as substituents as well as provide

useful solutions to a number of the synthetic problems [ ENENENNENEGEGEGEGEEEEEEEEEEEEEE

encountered with enol ether based cyclization reactions. For

(1) For a review of synthetic applications of anodic electrochemistry,
see: Moeller, K. D.Tetrahedron2000,56, 9527.

(2) For selected examples, see: (a) Hudson, C. M.; Marzabadi, M. R.;
Moeller, K. D.; New, D. GJ. Am. Chem. S0d.991,113, 7372. (b) Frey,
D. A,; Reddy, S. H. K.; Moeller, K. DJ. Org. Chem1999,64, 2805. (c)

Moeller, K. D.; Tinao, L. V.J. Am. Chem. S0d.992,114, 1033. (d) New, ég‘Hocoph 0" OH
D. G.; Tesfai, Z.; Moeller, K. DJ. Org. Chem1996,61, 1578. 2
(3) Silyl-substituted enol ethers have been used in anodic coupling Scopadulcic acid B (+)-Nemorensic acid

reactions. For a single example using an oxygen nucleophile, see: (a)
Sutterer, A.; Moeller, K. DJ. Am. Chem. So000,122, 5636. For three
examples leading to carbemarbon bond formation, see: (b) Reddy, S.
H. K.; Chiba, K.; Sun, Y.; Moeller, K. DTetrahedronIn press.

(4) A pair of cyclization reactions resulting from the intramolecular
coupling of a ketene dithioacetal group with a trisubstituted olefin using ~eeded well (Scheme 1, eq 1), the products generated could

ceric ammonium nitrate and a related coupling using a styrene terminatin
group have been reported: Snider, B_pB_;g Shi, gB_; 5uick|ey, C. A 9 not be used to further elaborate the natural product. The use

Tet(rsaﬁhlgdronZQOCIJ,SG, 101|27. . e ket al bei ed t of both an enol ether oxidation for initiating the cyclization
or a single example of a Cyclic ketene acetal being coupled to an . . . :

allylsilane terminating group with the use of a vanadium(V) ester, see: reaction and an enol ether fo_r trapplng the_ radical cation
Ryter, K.; Livinghouse, TJ. Am. Chem. Sod.998,120, 2658. generated led to a product having a pair of dimethoxy acetal

Figure 1. Potential natural product targets.
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Scheme 1 Scheme 3
R RVC anode
RVC anode S/j Pt wire cathode MeO S/j
S

Pt cathode R g 0.1 M Et,NOTs
————e
0.1 MLCIO Meo - Qe (
. ICIO4 /X X ~OMe 30% MeOH/THF OMe

0 OMe
50% MeOH/ THF MeO MeO 2,6-lutidine

2,6-lutidine MeO
28.6 mA/ 2.2 F/imole 8.0 mA, 2.2 Fimole
1a.R=H 2a. 82% (1:1 ratio) 5a.n=1 6a. 88% (trans isomer)
1b. R=CO;Me 2b. 75% (95:5 ratio) Sb. n=2 Bb. 82% (cis isomer)
RVC anode . . .
S Pt cathode (AS been passed. Both cyclizations led to an excellent yield of
—_— . . -
@ C =/~ 0.1 M LiCIO, S ! the cyclized product and the generation of a single stereo-
s OMe 206%7 MSOH/ THE  MeO peq OMe chemical isomer.
,6-lutidine . .
8 mA/ 2.2 F/mole The stereochemistry of produ6t was assigned as trans
1c 3. 65% (95:5 ratio) on the basis of a NOESY experiment. In this experiment,

the acetal methine proton showed equal NOE interactions

with both methine protons Hand H (6a/ Figure 2). A
groups. All efforts to synthetically differentiate these groups

met with failure. However, the use of a ketene dithioacetal
as the initiating group for the cyclization reaction (Scheme
1, eq 2) completely circumvented this problénm this

example, the anodic oxidation reaction led to the formation

of a radical cation from the ketene dithioacetal that in turn '\%%t_l?? MeO OMe
was trapped by the side chain enol ether. Following trapping . “H H
by methanol, loss of a second electron, and a second trapping Hi ~ome "'Hﬁ_)
with methanol step, the reaction afforded a cyclized product OMe b

with one ortho ester group and one acetal. The ends of the 6a 6b

cyclization were automatically differentiated. Interestingly,
the reaction was also stereoselective even in the absence
the directing R-groups that were required for obtaining
selectivity in the case of the bis-enol ether cyclizatidhs) (
This observation immediately led to questions concerning
the generality of the process. Would other anodic cyclization
reactions also show a greater degree of stereoselectivity whe
a ketene dithioacetal initiating group was employed as the

initiati lefi h h [ I
initiating olefin, and what other trapping groups would be had cis stereochemistry. As illustrated in FigurésB)( NOE

compatible with the oxidative cyclization reactions? : . .
As a starting point for addressing these questions, sub-nteractions between both of the methine protons and H

stratessa and 5b were synthesized as outlined in Scheme indicated that all three protons were on the same face of the
28 Once in hand, the substrates (1 mmol) were oxidized at molecule. Hence, the two substituents had to be cis to each
' ’ other. While for clarity a single conformation is illustrated

in Figure 2, the NOESY data obtained were consistent with
two rapidly equilibrating conformations. At this time, it is

0lfigure 2. Key NOE interactions in compoundia and 6b.

similar set of interactions was not possible for the cis isomer.
Typically, for the cis isomer the interaction betweendtd
r11'he acetal methine cannot be observed.

In contrast to the five-membered ring case, NOESY data
for 6b indicated that the six-membered ring isomer formed

Scheme 2 not clear why the two cyclizations afford different selectivi-
0 Al S/j ties, although steric issues would seem to significantly hinder
3
Z
©n OR M» n s (6) For previous syntheses of scopadulcic acid B, see: (a) Ziegler, F.
Xy ~OMe X ~OMe E.; Wallace, O. BJ. Org. Chem1995 60, 3626. (b) Overman, L. E.; Ricca,
CHyCl, D. J.; Tran, V. D.J. Am. Chem. S0d.993,115, 2042. For other related
o 0°C to room temp. _ synthetic efforts, see: (c) Robichaud, A. J.; Meyers, Al.I0rg. Chem.
4a.n=1, R=Et Sa.n=1, 7% 1991,56, 2607. (d) Abelman, M. M.; Overman, L. B. Am. Chem. Soc.
4b. n=2, R=Me 5b. n=2, 84% 1988, 110, 2328. (e) Kucera, D. J.; O'Connor, S. J.; Overman, LJE.

Org. Chem.1993,58, 5304.

(7) For a review on the use of ketene dithioacetals in synthesis, see:
) . . . Kolb, M. Synthesig1990, 171.
a reticulated vitreous carbon anode using an undivided cell (8) (a) For the conversion of esters to ketene dithioacetals, see: Corey,

(a three-neck round-bottom flask), a constant current of 8 E. J.; Kozikowski, A. PTetrahedron Lett1975,16, 925. (b) Substrateta
and4b were made from the commercially available alcohol esters.

mA, 0.1 M EtNOTSs in a 30% methanol in tetrahydrofuran (9) (a) The oxidations were conducted using a Model 630 coulometer, a
electrolyte solution, and 2,6-lutidine as a proton scavenger Modﬁl 415prote%t1losEt?tlc contr?lller_, %nd Ia MEJbO)Ie'l 420A pciwer supply

oo . purchased from The Electrosynthesis Co., Inc. or a simple setup to try
'(SCheme 3?' By TLC both of the cycllzatlon re‘rflc_tlons electrochemical reactions using a battery as a power supply, see: Frey, D.
illustrated were complete after 2.2 F/mol of electricity had A.; Wu, N.; Moeller, K. D. Tetrahedron Lett1996,37, 8317.
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the formation of a cis-isomer in the five-membered ring case. by making the olefin sterically larger and destabilizing the
From both reactions, it was clear that the presence of thetransition state having the olefin in a psuedoaxial position
ketene dithioacetal initiating group dramatically influenced (10/Figure 3) relative to the transition state having the olefin
the stereochemical course of the reactions. Earlier enolin a psuedoequatorial position (9).

ether—enol ether coupling reactions led to 1:1 mixtures of

stereoisomers for the formation of both five- and six- _

membered ring3>1°

Interestingly, the cyclization reactions illustrated in Scheme
3 required the use of THF as a cosolvent. Reactions Me S//?
performed in pure methanol solvent led to significantly Me S\) s Me
decreased yields. This result suggested that the cyclization %h s ‘ o’:;_| Me
reactions were not as efficient as the previously studied enol 9 10

ether—enol ether coupling reactions that did not require the
use of a cosolvent. In addition to the choice of solvent, both Figure 3. Two transition states for the cyclization atc.
the dryness of the electrolyte and the conditions used to
workup the reactions influenced the yield of produgasand
6b. Prior to the reactions, the electrolyte was dried in an  Substrates for addressing the compatibility of the ketene
oven for 12 h. For the workup, the crude reaction was dithioacetal derived cyclizations with oxygen nucleophiles
concentrated and ether added to precipitate the electrolyte Were synthesized by treating the corresponding lactone with
The material was then filtered and immediately chromato- trimethylaluminum and 1,3-propanedithiol in dichloro-
graphed using a Silica gel Co|umn packed W|th 1% tr|ethy|_ methané‘.z In the CyC|izati0n reaCtionS that fO”OWed, the
amine in the solvent. In the case &a, when these  0xygen nucleophiles proved to be very effective traps for
precautions were not taken the product was obtained as &he ketene acetal based radical cations (Scheme 5). Using
mixture along with a cyclized ketene dithioacetal product
formed by the elimination of methanol. ]
Having established that the use of a ketene dithioacetal Scheme 5
initiating group influenced the stereochemistry of anodic
carbon—carbon bond formation, we turned our attention to Ry Pt wire cathode (1 R
reactions that trapped the initial radical cation with an oxygen /(/'7?3\(3 0.1 M ELNOTSs (ZS{ OMe
HO Ry o s}

RVC anode R,

nucleophile’® It was hoped that the use of a ketene 30% MeOH/THF g
dithioacetal initiating group would also improve the stereo- 2outdne Fimole \_/
selectivity of these reactions. For example, consider the 112, n=1, R;=Ry=H 12a. 94%
cyclization reaction illustrated in Scheme 4. In this reaction, 11b. n=2, Ry=R=H 12b. 87%
11¢. n=1, Ry;=R,=CHj, 12¢. 83%
(single isomer)
Scheme 4
Ve RVC anode Me electrolysis conditions identical to those described above,
Me "y X Pt cathode Me both five- (12a) and six-membered rind.2b) ether products
OH 0.03 M E4NOTS o Y were obt'ained ip high yield. The cyclization bfawas also
gO%A/MZg/H/TIHF X OMe accomplished with the use of a 6-V lantern battery as a power
m mole . . . .
7. X=OMe; Y=H 8. 73% (3:1 ratio) supply?®® This reaction led to an 86% isolated yield of the

product, demonstrating that specialized equipment was not
required for the cyclizations.
The issue of stereochemistry was addressed by studying

a 3:1 ratio of two tetrahydrofuran products was formed that >SUE X ) -
favored a major product with the vicinal methyl groups cis the cyclization chemistry ollc In this case, the anodic
to each other. While this stereochemistry matched what ©Xidation led to an 83% isolated yield afsingle cyclized
would be needed for applying the reaction to a synthesis of producthaving the de§|red stereochemlstry for the synthesis
(+)-nemorensic acid (Figure 3,the 3:1 ratio reflected a  ©f (1)-nemorensic acid. A NOESY experiment was used to

degree of selectivity that was too low for an efficient assign the stereochemistry of the product obtained. To this

approach. It was suggested that the use of a ketene dithio€"d, the methine proton atsQvas used to establish the

acetal as the initiating group might improve this selectivity Stéreochemistry of the nethylene protons. Only one of
the G, methylene protons showed a strong interaction to the

(10) For comparison purposes, the coupling of a trimethylsilyl-substituted
enol ether derived ketene acetal equivalent with an enol ether terminating  (12) (a) Chamberlin, A. R.; Nguyen, G. D.; Chung, J. YJLOrg. Chem.

group also led to predominately cis produts. 1984,49, 1682. (b) Corey, E. J.; Beames, J.DAm. Chem. Sod.973,
(11) For asymmetric syntheses df)nemorensic acid, see: (a) Honda, 95, 5829.

T.; Ishikawa, FJ. Org. Chem1999,64, 5542. (b) Dillon, M. P.; Lee, N. (13) For a comparison of enol ether and allylsilane trapping groups,

C.; Stappenbeck, F.; White, J. D. Chem. Soc, Chem. Commur295, see: Tinao-Wooldridge, L. V.; Moeller, K. D.; Hudson, C. 1.0rg. Chem.

1645. For a racemic synthesis of nemorensic acid, see: (c) Klein, L. L.  1994,59, 2381 along with ref 3b. For a comparison of allylsilane and alcohol

Am. Chem. Sod 985,107, 2573. trapping groups, see ref 3a.
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Figure 4. Key NOE interactions in compountc.

Cs methine (Figure 4). An NOE interaction between the C
methylene proton on thg-face of the molecule and both
methyl groups then established the stereochemistry, asC
having the methyl group on th&face of the molecule cis
to the methyl at @ Clearly, the use of the ketene dithioacetal

trapping group$? In this case, the use of the less reactive
trapping group did interfere with the cyclizations. While a
moderate level of success was obtained using a disubstituted
allylsilane trapping groupl@a), the use of a trisubstituted
allylsilane led to a messy reaction and only about a 20
30% vyield of the product. The yield for this reaction was
approximated by proton NMR because the product could not
be isolated as a pure compound. At this time, it is not known
why the trisubstituted allylsilane was a less effective trapping
group than the disubstituted allylsilane.

In conclusion, we have found that oxidative cyclization
reactions can be effectively initiated by the anodic electrolysis
of ketene dithioacetal groups. The reactions work well with
both enol ether and oxygen trapping groups in order to form
five- and six-membered ring products. Both types of cy-
clization reactions were found to be compatible with the

group increased the preference for the radical cation moiety 9eneration of quaternary carbons, and both sets of reactions
to occupy a psuedoequatorial position in the transition state!ed to significantly higher levels of stereoselectivity than

for the cyclization (Figure 3).

Finally, we turned our attention toward probing the
compatibility of using ketene dithioacetal initiating groups
with less reactive radical cation trapping moieties. To this

analogous reactions initiated by the oxidation of an enol
ether. Efforts to utilize the reactions in total synthesis efforts
are underway.
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s 0.1 M Et;NOTs S
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