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3.28 (br s,4 H, methine and methoxy); 2H NMR (46 MHz, CDCld 
6 0.56, 1.24, 3.28, ratio 1:5:2.2; GC-MS (70 eV) m/z (relative 
intensity) no parent, 146 (0.5), 145 (3), 144 (7), 128 (31,117 (18), 
116 (29), 116 (20), 100 (lo), 99 (8), 90 (IO), 89 (100),75 (241, 73 
(l l) ,  72 (60), 59 (63), 58 (12), 45 (21), 44 (131, 43 (34). 
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and 1,1-dimethyl-l-silacyclohexan-3-ol(28), oxymercuration of 
ailacyclopentene 9 and ailacyclohexene 10 in 22,2-tzitluoroehol, 
details of photolyses and spectral data for deuterated eolvente, 

of product yields, %Pi, to total yields, Z%Pi, for 214nm pho- 
toly~ee of l,l-dimethylsilacyclopent-2-ene (9) and 1,i-dimethyl- 
silacyclohex-2-ene (10) in methanol, 2,2,2-trifIuoroethanoi, and 
tert-butyl alcohol (17 pagee). Ordering information is given on 
any current masthead page. 
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A study has been made of the thermal rearrangement of adamantylidenemethyl allyl sulfoxide 4 as well as 
of the racemic RR,SS and RS,SR 5-fluor0 diastereomers 8 a t  80 "C. The parent compound 4 initially gives a 
mixture of the (E)- and (2)-eulfiines 5; the E product subsequently isomerizes, more slowly but completely, to 
the 2 compound. Under the same conditions, mixtures of the diastereomers 8 produce mixtures of four m e a o f m ,  
two of which (@E)- and (ZE)-9) subsequently rearrange further to the other two ( ( E a -  and (ZZl-9). The 
configurations of the starting materials and products were determined by N M R  methods. A study of the rates 
of these various processes made it possible to define the compositions of the sulfine mixtures that form initially 
from sulfoxides 8. The conclusion is that both a steric and an electronic effect are operating simultaneously 
to influence the stereochemistry. The steric effect ie a response to the need to avoid axial oxygen in the pseudo-chait 
transition statq the electronic effect favors the formation of a CC bond antiperiplanar to the more electron-rich 
vicinal bonds. As was the case in the oxy-Cope reaction studied earlier, the steric effect is the larger of the two 
by a small margin. 

Introduction 
Recent studies of face selection in pericyclic reactions 

have strongly suggested that carbon-carbon bond forma- 
tion in these processes is characterized by the same 
preference observed in nucleophilic addition to cations and 
carbonyl groups, in electrophilic attack on olefins, and in 
atom abstraction by radicals: approach antiperiplanar to 
the more electron-rich vicinal bond(s) is favored.' Our 
own contributions in this area have depended primarily 
on the use of 2,5-disubstituted adamantanes 1 as probes; 
steric equivalence of the two faces and conformational 
rigidity are among the advantages possessed by these 
molecules. 

" 

6 

- 
The oxy-Cope rearrangement was the first example of 

a sigmatropic shift to be examined in this fashion.2 Both 
the (racemic) diastereomers (RR)- and (R@-2 were studied. 
Each gives a mixture of (E)- and (23-3, the former in the 

'Stony Brook. 
t Buffalo. 

0022-326319211957-3120$03.00/0 

ratio of 3664 and the latter in the ratio of 81:19, respec- 
tively. The reason for the difference in ratio is that in the 
former the electronically favored face (syn to the fluorine) 
can only be achieved in a chair transition state with a 
pseudoaxial phenyl group, whereas in the latter thie state 
has the phenyl group in the pseudoequatorial position. 
Thus, the steric and electronic factors are opposed in the 
rearrangement of (RR)-2, while in (RS)-2 they operate in 
unison. The steric factor is somewhat stronger than the 
electronic one in this instance. 

Another sigmatropic rearrangement that drew our at- 
tention was Corey's thia-Claisen rearrangement, which 
appears to hold considerable promise as a way to replace 
a carbonyl oxygen by two carbon appendages? Fur- 
thermore, a modification introduced by Block (use of 
sulfoxides) allows the rearrangement to be carried out 
under exceptionally mild conditions? We therefore de- 
cided to extend our stereochemical investigations to in- 
clude this reaction. 

Results and Discussion 
As in the oxy-Cope reactions, the racemic parent com- 

pound 4 has two pathways available for rearrangement: 

(1) For references to our earlier work, see: Bodepudi, V. R.; le Noble, 

(2) Lin, MA.; le Noble, W. J. J. Org. Chem. 1989,54,997; Zbid. 1990, 

(3) Corey, E. J.; Shulman, J. I. J. Am. Chem. SOC. 1970, 92, 6522. 
(4) Block, E.; Ahmed, S .  J.  Am. Chem. SOC. 1986,107,6731. 

W. J. J.  Org. Chem. 1991,56, 2001. 

55, 3597. 
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the pseudo-chair transition state has either an axial or an 
equatorial oxygen atom linked to the sulfur (see Scheme 
I; 4 is arbitrarily shown as the R-enantiomer). However, 
there is also an important difference: in the present case, 
the two transition states give products which are not 
merely conformationally different but which are geometric 
isomers 5. Under the conditions of their formation, one 
of thew isomers (E) further rearranges into the other (27, 
ae had already been described by Blocke4 

The published approach to 44 and its sulfide precurso$ 
proved lesa convenient5 in our hands than the application 
of Harpp's synthesis of vinyl sulfides? The products (E)- 
and (Zl-5 are readily separated by means of column 
chromatography. The assignment of their 13C NMR sig- 
nals (necessary to determine configurations of the 5-F- 
substituted products, see below) rested in part on chemical 
shifts and APT experiments. The important distinctions 
between C4,9 and C8,10 as well as C6 and C, were evident 
from the response of these signals to the addition of con- 
trolled amounta of the shift reagent E~(fod)~:  the carbon 
a tom proximal to the oxygen atoms had substantially 
larger induced shifts than the distal ones. 

The fiiborder rate constants (k, + k,) and k3 were 
readily evaluated by following the rate of disappearance 
of 4 in the sigmatropic shift and that of (E)-5 in the sulfur 
inversion reaction. These reactions were done at 80.0 "C 
in CD3CN solvent; the 'H NMR peaks of 4 at 6 5.816, of 
(E)-5 at S 8.810, and of (29-5 at S 7.326 were used, with 
DMF as the standard (Figure 1). The individual constants 
kl and k2 can be obtained by means of simplex regression 
analysis of eq 1. The results are given in Table I; the 

degree to which these constants fit the observations may 

(5) We found the required intermediate sodium benzenethioaulfonate 
Widt to characterize, although several others have mccessfully pre- 
pared and used it. See (a) Hayashi, s.; Fwkawa, M.; Yamamota, J.; 
Niigata, K. Chem. P h r m .  Bull. 1967, 15, 1188. (b) Kozikowski, A. P.; 
Am-, A; Wetter, H. J.  Orgonomet. Chem. 1979,164, C33. (c) Smith, 
J. G.; Fmck, M. 5.; Kontoleon, B. D.; Trecoeke, M. A.; Giordano, L. A.; 
Renzulli, L. A. J. Org. Chem. 1983,48,1110. 

(6) Harpp, D. N.; Aida, T.; Chan, T. H. Tetrahedron Lett. 1985,26, 
1796. 

1 k1 lk2 

Z - 5  

Table I. Rate Constanto in CD&N at 80 OC 
rate constant scheme value (8-9 

kl I 8.0 X lod 
k2 I 5.4 x loa 
k3 I 3.9 x 104 

k5 I1 3.4 x lod 
k4 I1 1.08 X lo-' 

k6 I1 6.6 X lod 
k l  11 4.6 X lod 
k8 I1 1.62 X lod 
k9 I1 1.97 X lod 

be gauged from Figure 2. Our data agree with Block's in 
that the (E)-sulfine is the kinetically favored product, 
although our initial ratio (6040) is slightly smaller than 
his (65351.4 

Application of Harpp's route to the 5-fluoro-substituted 
sulfides required the availability of the 2-(5-flUOrO- 
adamantane) aldehydes 6. To obtain them, we converted 
5-fluoroadamantan-2-one into the oxiranes 7 with tri- 
methylsulfoxonium iodide (Scheme 11). The E/Z ratio 
of the known' oxiranes was 35:65 (by GC) and 3268 (by 
'H NMR). As with the analogous reaction and reaulta with 
5-phenyladamantan-2-0ne~ the explanation for this unusual 
stereochemistry is attributed to thermodynamic control.' 
The oxiranes were converted into the aldehydes with boron 
trifluoride etherate; the ratio of the aldehydes could not 
be measured8 because of their instability, which required 
their immediate further conversion into the single (ra- 
cemic) vinyl sulfide6 precursor to the diastereomeric pair 
of sulfoxides 8. 

The introduction of a &fluor0 substituent led to the 
much more complex chemistry shown in Scheme 111. 
Hopes that our study of it would be a simple extension of 
that of the parent compound vanished when we found that 

(7) Snvastava, S.; le Noble, W. J. J. Am. Chem. SOC. 1987,109,5874. 
(8) In the 5-phenyloxiranea, the EIZ ratio of aldehydea WM about a2.I 
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Figure 1. Stack plot showing the evolution of a portion of the 'H NMR spectrum of a CD&N solution of 4 at 80.0 O C .  From left 
to right, the four singlets represent (E)-5 (Hll), DMF (reference), (23-5 (Hl1), and 4 (Hll). The transient nature of (l9-8 under thew 
conditions is clearly visible. 
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Figure 2. Plot showing the fit of experimental data (squares) 
with eq 1 if rate constants of Table I are used. 

the diastereomers of 8 could not be separated. Fortunately, 
it was possible to analyze the crude mixture of 8 by means 

of l9F NMR, which showed two virtually identical peaks; 
thus, where was no selectivity in the oxidation of the 
sulfides. Some enrichment occurred during purification, 
and the mixture used for rearrangement had a 60:40 com- 
position with (RR)-8 in excess. This eventually became 
clear from the thermal behavior of the mixture, as ie ex- 
plained further below. Scouting experiments showed that 
8 behaves in a way similar to that of 4: each isomer gives 
rise to its own pair of sulfiies and each of the Q-sulfines 
rearranges further to the corresponding (Zl-sulfine. All 
four of the sulfiies have different 'H NMR signals for Hll; 
hence there was an experimental handle on the problem. 
The raw data are shown in Figure 3. 

Since the (E)-sulfines could be chromatographically 
separated from the (Z)-sulfines and since each of the 
former two isomerizes cleanly by firetiorder kinetics to the 
corresponding 2-isomer, k8 and k9 were accessible by 
means of 'H NMR scrutiny of a mixture of the E-com- 
pounds as a function of time (Figure 4). 

The assignment of the four Hll NMR singlets was car- 
ried out as follows. We succeeded initially, by means of 
repeated chromatography of sulfine samples that had 
completely isomerized, to isolate small amounts of a single 
(Z)-sulfiie isomer (the major isomer). In fact, some single 
crystals of this material were grown; unfortunately, how- 
ever, the compound was unstable to X-irradiation, and no 
useful diffraction data could be obtained? The mixture 
of (E)-sulEines were then studied by meano of the effect 
of controlled small additions of Eu(fod)3. The resulta 
allowed us to distinguish clearly between the signals of 
(EE)-9 and (ZE)-9. Thus,  arbo on^ C8,10 and C, in (EZ)-9 

(9) Profewor, W. H. Watson (Texaa Christian University) made the 
attempt. 
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Figure 3. Stack plot showing the chemistry of a CD3CN solution of 8 at 80 O C  by means of a portion of the 'H NMR spectrum; see 
Scheme 111. From left to right, the six singlets portray (EE)-9, (Zm-9, DMF, (Ea-9, (22)-9, and 8 (compare with Figure 1). (Ea-9 
is clearly the dominant fiial product (see inset). 

\ 
I 

E -5 

Scheme I1 

were all shifted considerably more strongly by this reagent 
than Cd4 and C6, respectively, whereas the opposite is true 

Scheme 111 
RR -j 

ZE-! \ / E Z - 9  

Rs .a 
for the corresponding carbons in the ZZ-isomer. The re- 
sults were similar to those obtained earlier with (E)- and 
(23-5. In (EE)- and (ZE)-9, the 13C NMR signals of these 
six atoms in both compounds are of course readily recog- 
nized by the magnitude of the 19F couplings. Integration 
of the signals was carried out by means of 4020 acquisitions 
with 30-6 delay times and a decoupling program designed 
to avoid NOE effects; this clearly showed that (E&')-9 was 
in excess. Inspection of the two pairs of closely spaced HI1 
signals also showed both mixtures of sulphines to have a 
major and a minor isomer, and the identity of these four 
peaks was thereby established since during isomerization 
the major (E)-sulfine can only give the major (Z)-eulfine 
(it will be noted that C2 does not epimerize during that 
reaction). Aa a final check, we were able to calculate the 
I3C signale of the adamantane skeletons of all four sulfmes 
from those of (E)-  and (23-5, l-fluoroadamantane, and 
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Figure 4. Isomerizations of (Em-9 to (Ea-9 (open squares) and 
of (ZE)-9 to (22)-9 (filled diamonds); ordinate axis, In [(Ea- 
9]/[(EE)-9lo and In [(ZE)-9]/[(ZZ)-9lO, respectively. The f i i t -  
order rate constants were calculated to have r = 0.998 and 0.992, 
respectively (see Table I). 

Table 11. Obrerved and Calculated *C Resonances of Sulfiner 
90 

EE EZ ZE zz 
Cno. calcd obsd calcd obsd cnlcd obsd calcd obed 
7 3  37.56 37.52 36.51 36.70 37.56 37.68 36.51 36.53 

(11.9) (10.1) (11.6) (9.6) 
2 47.47 48.21 52.53 52.53 47.47 48.10 51.98 52.53 
4, 9 36.99 37.27 36.80 37.09 38.39 38.98 40.34 40.25 

(19.6) (18.4) (18.6) (17.9) 
5 91.17 92.38 91.12 90.98 92.14 91.56 91.31 90.98 

(184.7) (184.5) (184.7) (184.5) 
6 43.62 43.72 43.28 43.36 43.62 43.64 43.28 43.36 

(17.7) (17.8) (17.6) (17.8) 
7 31.02 29.79 30.18 30.09 30.05 30.79 30.00 29.93 

(9.0) (10.1) (10.0) (12.0) 
8, 10 32.05 32.41 33.41 33.70 30.11 30.55 29.91 30.34 
11 190.87 179.78 190.46 180.47 
12 42.30 40.13 41.55 39.37 
13 131.32 132.54 130.91 132.92 
14 120.51 118.60 120.39 118.76 

OJcp in Hz given in parentheses. 

adamantane itselflo (see Table 11). 
The major thrust of our work was to learn whether the 

en or zu face of the C2 terminus would be preferred in the 
[3,3] rearrangement, and the answer to that question is 
suggested even by a cursory inspection of Figure 3: since 

(10) Srivastava, S.; Cheung, C. K.; le Noble, W. J. Magn. Reson. Chem. 

(11) Noggle, J. H. Physical Chemistry on a Microcomputer, Little, 
1985, 23, 232. 

Brown & Co.: Boston, 1985; p 145-165. 
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Figure 5. Plot showing the fit of experimental data with eqs 2 
and 3 using the data for k, - k9 in Table I. 

( E a - 9  is dominant over (229-9 in the final product, it is 
apparent that the allyl group attacks the face syn to the 
fluorine, hence anti to the more electron-rich vicinal CC 
bonds. This tentative conclusion, of course, ignores the 
fact that two diastereomers of 8 are present, and our final 
goal was to find out what the enlzu preferences would be 
for each of the two sulfoxides separately. In principle, this 
can be done by evaluating each of the four rate constants 
k4-k,; as noted, k8 and k9 had already been measured. 

The rate laws describing the concentration of (Eli')- and 
(ZE)-9 and of (El?)- and (223-9 are: 

The f i s t  task was to determine the diastereomeric 
composition of 8. In our initial experiments, crude mix- 
tures of 8 were employed in which the two diastereomers 
were present in exactly equal concentration, as judged by 
'gF NMR; hence, the fact that the two HI1 signale coincide 
did not hinder the analysis. In subsequent experiments, 
purified mixtures were employed in which some enrich- 
ment had evidently occurred. While we could measure the 
ratio (60:40), we could not at once tell which of the dia- 
stereomers was the principal one since the '@F signals could 
not at first be assigned. This problem was solved as fol- 
lows. (EE)-9, which can be formed only from (RR)-8, 
dominates over (ZE)-9, which derives solely from (RS)-8, 
throughout the reaction (Figure 3 and Scheme 410. This 
means that either (RR)-8 is initially in excesa over ( R 8 - 8  
or that (ZE)-9 isomerizes to (227-9 more rapidly than 
(EE)-9 does to (En-9 .  But as already noted, the latter 
possibility is ruled out by direct measurement: ke > k& 
Thus, (RR)-8 was initially the dominant stereoisomer, and 
the 'Bk! NMR signals were thus assigned. Rata constants 
k4-k7 were then obtained by the application of simplex 
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nonlinear regression analysis*O to eqs 2 and 3 and use of 
the fixed, independently measured values of k8 and k9 
(Table I). The fit of the curves portraying the concen- 
trations of these intermediates to eqe 2 and 3 using these 
rate constante is shown in Figure 5. 

We estimate the accuracy of the rate constanta at 3-5%, 
baaed as they are on 'H NMR integrations at 16 time 
intervals, 32 acquisitions each. To support this appraisal, 
we compare the ratio of (RR)- and (R59-8 aa measured by 
their intensities in the 19F NMR spectrum with that cal- 
culated from the data in Table I, as follows. The pure RR 
isomer alone would eventually produce a ratio of (22)- 
9/(EZ)-9 equal to kS/k l ,  hence 0.315. The diastereomer 
would lead to a ratio of these products equal to k6/k7, 
hence 1.43. The observed final product ratio is 0.67; this 
indicates that the initial diastereomeric composition was 
68% RR (100(1.43-0.67)/(1.43-0.32)). This result, baaed 
on the 'H NMR spectrum of (22)- and (Ea-9 (see inset, 
Figure 3) agrees with the 60% derived from the 'gF NMR 
spectrum to about the precision claimed. 

Finally, we can calculate the relative importance of the 
steric and electronic influences in the same way as before;2 
we arrive at a ratio of a40 for the electronic factor (i.e., 
the ratio of zu/en attack in the absence of a steric factor) 
and of 6832 for the steric factor (i.e., the ratio by which 
equatorial oxygen is preferred over axial in the absence of 
the fluorine electronic effect). These values are similar to 
the ones observed2 in the oxy-Cope reactions of 2. 

Experimental Section 
All 'H and '8c NMR spectra were measured in CDC13 at 300 

and 80 MHZ, reqwtively. Adamantaneaphxirane was prepared 
as described previously.' It was converted by means of boron 
Muor ide  etherate' into 2-adamantanecarbo~aldehyde'~ which 
waa not purified because of ita instability: 'H NMR 6 1.5-2.4 (m, 
15 H), 9.708 (8, 1 H); '8c NMR 6 27.40,27.81,28.05,33.42,36.90, 
37.70, 56.48, 205.83. The aldehyde was converted into tri- 
methyl[adamantyl(methylthio)methoxy]silane via the procedure 
of Harpp:13 'H NMR 6 0.19 (8, 9 H), 1.5-2.2 (m, 16 H), 5.21 (dd, 
1 H); 'Bc NMR 6 0.28,27.56,27.75,28.61,29.99,31.66,31.86,37.98, 
38.58,38.90,54.73,76.50. This product was used without puri- 
fication to prepare6 allyl adamanfylidenemethyl sulfide as a pale 
yellow oil: 'H NMR 6 1.5-2.10 (m, 12 H), 2.45 (8,  1 H), 2.97 (e, 
1 H), 3.22 (d, 2 H), 5.0-5.15 (m, 2 H), 5.50 (8, 1 H), 5.7-5.9 (m, 
1 H); 'Jc NMR 6 28.35,34.01,37.03 (a), 38.40,39.61,40.15,107.84, 
116.65,134.60,152.01. The sulfide was converted by means of 
oxamne into the sulfoxide 4:' 'H NMR 6 1.5-2.0 (m, 12 H), 3.19 
(d, 2 H), 3.3-3.6 (dd, 2 H), 5.2-5.4 (m, 2 H), 5.65.8 (m, 1 H), 5.82 

(C,,), 125.80 (C13), 165.13 (C2) (assignments by means of CSCM 
and ATP studies). 

r(erurPngement of Sulfoxide 4 into ( E ) -  and (2)-6. Neat 
parent sulfoxide 4 (50 mg, 0.21 mM) was heated to 90 OC under 
nitrogen for 2 h. The yellow product was diesolved in CDC13; the 
'H NMR revealed the presence of the two isomers, (E)- and (2)-6, 
which could be separated by column chromatography (ethyl 
acetab-hexane). If the heating process was carried out for a period 
of 48 h, only (2)-6 was obtained. (E)-6  'H NMR 6 1.5-2.2 (m, 
14 H), 2.49 (d, 2 H), 5.1-5.3 (dd, 2 H), 5.75-5.60 (m, 1 H), 8.81 
(8, 1 H). The '8c NMR signals were identified in part by means 
of ATP studies and of the sensitivity of five to seven small and 
controlled additions of a E ~ ( f o d ) ~  solution (slopes given in par- 
e n t h m  are in arbitrary units different for each compound): 6 

119.82 (E, 2.961, 131.78 (CIS, 2.20),192.62 (Cll). The correlations 
all exceeded 0.994, and moat were better than 0.999. (2)-6 'H 

(8, 1 H); '8c NMR 6 27.56 (C5,7), 34.36 (CJ, 36.36,38.48, 38.77, 
39.00, 39.69 (c4,6,+10), 40.37 (c3), 58.14 (Ciz), 120.88 (ell), 122.93 

27.01 (G, 1.29), 27.97 (C5,1.78), 32.07 (C 101 1.60), 34.02 (Cw 2-57], 
34.51 (c 3.88)~ 38.70 (c6, 0.97), 42.26 (811, 5.94)~ 49-44 (cz, 4.531, 
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(12) Farcasiu, D. Synthesia 1972,II, 615. 
(13) Aida, T.; Chan, T. H.; Harpp, D. N. Angew. Chem., Znt. Ed. Engl. 

1981,8, 691. 

NMR 6 1.2-2.0 (m, 12 H), 2.18 (be, 2 H), 2.63 (d, 2 HI, 5.00-5.20 
(dd, 2 H), 5.6-5.8 (m, 1 H), 7.326 (8,  1 H); 13C NMR 6 26.95 (C,, 

118.08 (C14,5.31), 133.40 (C13,6.09), 182.06 (Cll, 8.95). The rate 
of the rearrangement was studied in CD3CN eolutiom containing 
a trace of DMF as reference; they were warmed in NMR tubes 
in a bath of refluxing benzene (80.1 "C). The fate of the proton 
Hll signal was followed in order to measure the rate constants. 
A similar study gave the constant k3. 

5Fluoroadamantanone" was converted into a mixture of (E)- 
and (2)-7 in an experiment similar to that used for the parent 
ketone; analpis was carried out by meam of both GC and CH20 
integration. The NMR data confiim those obtained earlier by 
Sriwtava7 but not reported hitherto. (E)-7 'H NMR 6 1.55-2.35 
(m, 15 H), 2.605 (s,2 H); 'BF NMR (CF3COOH external standard) 

in arbitrary units given in parentheses) 6 29.94 (C7,9.87,29.90, 

2.80), 27.13 (C5,4.09), 31.88 (Calo, 3.81),33.46 (C1,3,8.85), 35.37 
(c4,9,6.64), 38.37 (c6,2.36), 40.12 (c11,11.36), 53.95 (c2, 13-22), 

6 40.05; 'Bc NMR (Jm in Hz, calculated shifts and Eu(fod)3 elow 

2.57), 33.45 (C&io, 32.95,3.34), 37.73 (Cia, 10.29,38.79,6.89), 41.23 
(c4,9, 18.86 Hz, 41.55, 2.06), 42.34 (c6, 17.07, 41.84, 1.83), 54.95 
(C11,27.17), 62.97 (C2,62.42,12.01), 91.43 (C5, 184.8,91.18, 2.28). 

H), 2.714 (8, 2 H); 'BF NMR 6 -57.34, '9 NMR 6 30.12 (C,,10.71, 
30.04,2.08), 35.15 (Cglb 34.67,1.87), 38.53 (Cia, 9.96,38.79,6.01), 
39.92 (c4,9, 17.8, 39.83, 2-94), 42.23 (c6, 17.4, 41.84, 1.56), 54.20 
(C11, 25.12), 62.51 ((22, 62.42, 8.70), 91.15 (Cs, 185, 91.04, 2.11). 

(2)-7 'H NMR 6 1.89-1.95 (m, 10 H), 2.23 (m, 1 H), 2.31 (m, 2 

Allyl (6-Fluoroadamanty1idene)methyl Sulfide. The 
mixture of oxiranes 7 was converted into a mixture of (E)- and 
(2)b with boron trinuoride etherate in benzene as described above 
for the parent compounk 'H NMR 6 1.5-2.01 (m), 2.32 (bs), 2.62 
(b), 9.65 (e), 9.67 (e); 13C NMR 6 29.74-32.09 (m), 36.17, 37.30, 
38.74,41.04,42.96,44.51,44.86,54.95,55.16,203.51,203.72. The 
inatability of these aldehydes required their immediate conversion 
into the corresponding syn- and anti-trimethyl[ (5-fluoro- 
adamantyl)(methylthio)methoxy]silane aa described above: 'H 
NMR 6 0.87 (s),1.25-2.0 (m), 5.11-5.15 (t); 13C NMR 6 0.36,30.24 
(b), 30.46 (b), 30.94 (b), 31.57 (b), 34.75,37.35,43.05,43.23,53.66, 
53.88,75.93,76.03. Thk mixture was also not purified or analyzed 
but treated with sodium hydride and allyl bromide like the parent 
compound to give a single (racemic) sulfide: 'H NMFt 6 1.51-2.0 
(m, 11 H), 2.31 (8, 1 H), 2.70 (8, 1 H), 3.22-3.25 (d, 2 H), 5.10-5.20 
(m, 2 H), 5.58 (8, 1 H), 5.78-5.85 (m, 1 H); 13C NMR, (JCF in Hz 
in parentheses) 6 31.41 (C7, 9.6), 35.60 (Cior3, 10.3),36.84 (Ce,lo), 

Allyl (6-Fluoroadamantylidene)methyl Sulfoxide (8). The 
sulfide obtained above was oxidized with oxazone as described 
for the parent compound. Various NMR data show it to be a 
mkhm of two diastereomers which could be analyzed ('9 NMR, 
50/50) but not separated: 'H NMR 6 1.662.0 (m, 22 H), 2.27 
(b, 2 H), 2.72 (b, 2 H), 3.3-3.45 (m, 4 HI, 5.2-5.4 (m, 4 H), 5.6-5.8 
(m, 2H), 5.88 (42  H); '9c NMR (F a~~pl inga  in Hz in parentheam) 
6 30.40 (9.28), 35.40 (10.0), 35.72 (lO.l), 36.78,37.10 (6.7), 37.86, 
41.19,41.35 (lO.l), 42.07 (21.0), 42.34 (19.2), 43.06 (17.0), 57.66, 
90.04 (185), 90.41 (183), 122.82, 123.01, 125.20, 125.23, 159.87, 
160.05; 'BF NMR (RR)-8 6 -140.28, (RS)-8 -140.65 (see text for 
assignment). Purification by means of column chromatography 
led to small changes in the ratio of the two '9 signals, but not 
to separation of the isomers. 

Rearrangement of 8. The rearrangement was studied with 
the neat diastereomeric mixture of 8 at  90 OC, which produced 
four stereoisomers of 9. The two (E)-sulfines could be separated 
from their (Z)-isomers; heating the mixture of 8 for longer times 
resulted in mixturea of the (Z)-eulfines alone. It was possible by 
repeated crystallization from hexane to isolate a very small 
quantity of pure (Ea-9, but the single crystals grown of this 
compound were unstable under X-irradiation. The 'H NMR 
spectra showed signals for Hll at 6 8.75 and 8.79 for the (E)-sulline 
mixture and at 67.39 and 7.41 for the (Z)-sulfine pair; the re- 
maindere of theae spectra were not analyzed. The carbon spectra 
were analyzed with help of E ~ ( f o d ) ~  additions and chemical shift 

38.06 (C12), 41.70 (C1 or 3, 10.0), 42.17 (C4 9, 20.0), 42.40 (C4 or 9, 
18.5), 43.58 (Ca, 17.0), 93.17 (C5,185), 111.06,116.96, 134.41,147.08. 

(14) Cheung, C. K.; Teeng, L. T.; Lin, M.-h.; Srivastava, S.; le Noble, 
W. J. J. Am. Chem. SOC. 1986,108, 1598. 
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calculations; the results are given in Table 11. The rates of the 
isomerizations were measured in CD&N solution at 80.1 OC, with 
DMF ae a reference as before. 
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Herein we report the details of the conversion of 3-furaldehyde into 2-substituted 4-furaldehydes and the 
transformations of 2-substituted 4-furaldehydes and Csubstituted 3-furaldehydes into tri- and tetraeubstituted 
furans. We have developed a new disubstituted furan Synthesis by applying metalation to the direct conversion 
of %substituted furans into 2,Cdiaubstituted furans. In situ protection of %furaldehyde with lithium morpholide 
followed by metalation at  the C-5 position and quenching with several electrophiles affords 2-substituted 
4-furaldehydes in 30-70% yield. The electrophiles include chlorosilanes, chlorostannanes, aldehydes, ketones, 
and primary iodides. This work provides a general route to a previously relatively inaccessible furan substitution 
pattern and is the f i t  example of selective metalation at  the C-5 position of 3-substituted furans. Other bulky 
a-alkoxy substituents at G 3  direct remote metalation to C-5 of furan, We examined other %furaldehyde metalatiom. 
The amino alkoxide intermediate derived from lithio N,N~-trimethylethylenediamine and 3-furaldehyde, when 
treated with BuLi and electrophiles, provided a product mixture which included metalation at  the C-4 position 
of 3-furaldehyde. Several approaches to enhance this unusual C-4 metalation were unsu-. Using this amino 
alkoxide-metalation chemistry, Calkyl- or 4-phenyl-3-furaldehyde could be substituted at  C-2 or C-5 selectively. 
Finally we converted trisubstituted furans into tetrasubstituted furans with metalation/electrophilic trapping. 

Introduction 
Substituted furans play an important role in the field 

of heterocyclic chemistry, occur widely in nature,2 and 
enjoy wide application in a variety of commercially im- 
portant products such as pharmaceuticals, heterocyclic 
polymers,2 and flavor and fragrance  compound^.^ 
Moreover, furan derivatives are versatile synthetic inter- 
mediates for the preparation of a wide range of cyclic and 
acyclic organic compounds.4 Although numerous synthetic 
routes to furans have been developed: direct conversion 
of monosubstituted into 2,4-disubstituted furans has not 
been generally successful. 

The substitution behavior of 2- and 3-substituted furans 
has been known for many years.6 Electrophilic substitu- 

~~ 

(1) (a) Part of this work wm presented at  the 198th National Meeting 
of the American Chemical Society, Division of Orgauic Chemistry, Miami 
Beach, FL, Sept 10-15,1989; Lee, G. C. M.; Holmes, J. M.; Garst, M. E. 
A Novel Synthesis oj2,4-Substituted Furans; Abstract No. 194. (b) Lee, 
G. C. M. US Patent 4,935,530 issued June 19, 1990. 

(2) Comprehensive Heterocyclic Chemistry; Meth-Cohn, O., Ed.; 
Pergamon Press: New York, 1984; Vol. 1. 

(3) The Chemistry of Heterocyclic Flovoring and Aroma Compounds; 
Vemin, G., Ed.; Ellis Horwood: Chichester, 1982. 

(4) For examples see: (a) Kozikowski, A. P. In Comprehensiue Het- 
erocyclic Chemistry; Meth-Cohn, O., Ed.; Pergamon Press: New York, 
1984; Vol. 1, p 413. (b) Meyers, A. I. Heterocycles in Organic Synthesis; 
Wiley and Sons: New York, 1973. (c) Lipshutz, B. H. Chem. Rev. 1986, 
86, 795. 

(5) For excellent reviews on furan synthesis, see: (a) Bosshard, P.; 
Engster, C. H. In Advances in Heterocyclic Chemistry; Katritzky, A. R.; 
Boulton, A. J., Eds.; Academic Press: New York 1966; Vol. 7, p 377. (b) 
Sargent, M. V.; Cresp, T. M. In Comprehensive Organic Chemistry; 
Sammes, P. G., Ed.; Pergamon Press: New York, 1979; Vol. 4, p 693. (c) 
Dean, F. M .  In Advances in Heterocyclic Chemistry; Katritzky, A. R., 
Ed.; Academic Press: New York, 1982; Vol. 30, p 167. (d) Donnelly, D. 
M. X.; Meegan, M. J. In Comprehensive Heterocyclic Chemistry; Bird, 
C. W., Cheeseman, G. M. H., Eds.; Pergamon Press: New York, 1984; Vol. 
4, p 657. 
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tion of 2-substituted furans gives the product of attack at 
the 5-position as the major product. Likewise, metalation 
followed by electrophilic trapping often results in C-5 
substitution' affording 2,5-disubstituted furans 1 although 
certain ortho-directing C-2 substituents yield a mixture 
of 2,3-disubstituted furans 2 and 1.' 

Only a handful of methods have been reported for the 
synthesis of 2,4-disubstituted  furan^.^ None of these in- 
volves a direct and regiospecific conversion of a 2-substi- 
tuted into a 2,4-disubstituted furan 3. Instead, the stra- 
tegies involve manipulation of acyclic precursors8 (espe- 
cially for the synthesis of 2,4-dialkylfurans), of lactones: 
of 2-substituted furans,l0 of 3-substituted furans,11J2a or 
l.13 All of these synthetic routes require many steps, 

(6) For examples see: (a) Acheson, R. M. An Introduction to the 
Chemistry ojHeterocyclic Compoundp, John Wdey and Song: New York, 
1976. (b) Newkome, G. R.; Pandler, W. W. Contemporary Heterocyclic 
Chemistry; John Wiley and Sons: New York, 1982. (c) Sargent, M. V.; 
Dean, F. M. In Comprehensive Heterocyclic Chemistry; Katritzky, A R., 
Reee, C. W., E&.; Pergamon Press: New York, 1984; Vol. 4, p 599. 

(7) (a) Gschwend, H. W.; Rodriguez, H. R. In Organic Reactions; 
Dauben, W. G. et al., Eds.; R. E. Krieger: FL 1984; Vol. 26, p 1. 

(8) For examples see: (a) Ibragimov, I. I.; Guseinov, M. M.; Gadzhily, 
R. A.; Dzhafarov, V. G.; Godzhaev, S. P. Khim. Geterotsikl. Soedin. 1973, 
1434. (b) Jones, R. G. J. Am. Chem. SOC. 1955, 77,4074. (c) Buchi, G.; 
Wuest, H. J. Org. Chem. 1969, 34, 857. (d) Stahle, M.; Schloeser, M. 
Angew. Chem., Znt. Ed. Engl. 1979,18,875. (e) Nishio, T.; Sugawara, M.; 
Omote, Y. J. Heterocycl. Chem. 1979,815. (0 Garst, M. E.; Spencer, T. 
A. J. Am. Chem. SOC. 1973,95, 250. (g) Obrecht, D., Helu. Chim Acta 
1989, 72, 447. 

(9) Grieco, P. A.; Pogonowski, C. S.; Burke, S. J.  Org. Chem. 1975,40, 
542. 

(10) Nolan, S. M.; Cohen, T. J. Org. Chem. 1981,46, 2473. 
(11) For examples see: (a) Goldsmith, D.; Liotta, D.; Saindane, M.; 

Waykole, L.; Bowen, P. Tetrahedron Lett. 1983,24,5835. (b) Tanis, S. 
P.; Head, D. B. Tetrahedron Lett. 1984,25,4451. 

(12) (a) Florentin, D.; Roques, B. P.; Fournie-Zaluski, M. C. Bull. SOC. 
Chim. Fr. 1976, 1999. (b) Fournie-Zaluski, M. C.; Chatain-Cathaud, C. 
Bull. SOC. Chim. Fr. 1974, 1571. 
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