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by hydrolysis of 8, bromination, and elimination. At this 
time, CAMEO does not perform the NBS bromination since 
it is a radical process. However, electrophilic bromination 
of 11 is predicted by the program to yield 12. 

Examples of the Peterson reaction are shown in Scheme 
lII.53 The process rivals the Wadsworth-Emmons reaction 
of carbethoxymethylphosphonate anion with carbonyl 
compounds to form a,@-unsaturated esters.64 The 
Wadsworth-Emmons reaction produces low yields of 
product with readily enolized ketones. However, a 95% 
yield of 14 from cyclohexanone is reported on using the 
Peterson reaction.s3 

similar to that 
obtained by using lithium diphenylphosphide.66 To obtain 
the reported product, 15 (9670, >99% Z), CAMEO per- 
formed an sN2 reaction with inversion and recognized the 
need for rotation to cany out the synperiplanar elimination 
of the trimethylsilyloxy anion. 16 and 17 are predicted by 
the program as possible side products arising from E2 
eliminations of the epoxide. 

The final sequence, Scheme IV, is composed of selected 
steps from the recent synthesis of mycorrhizin A (22, R 
= H).ffi The sequence begins with a cuprate reaction that 
yields product 18 which then undergoes selective cleavage 

Scheme IV is part of an olefin 

(63) K. Shimosi, H. Taguchi, K. Oshima, H. Yamamoto, and H. No- 

(64) W. S. Wadsworth and W. D. Emmons, J. Am. Chem. SOC., 83, 

(66) E. Vedejs and P. L. Fuchs, J. Am. Chem. SOC., 96, 822 (1973). 
(66) E. R. Koft and A. B. Smith 111, J. Am. Chem. SOC., 104, 2669 

d i ,  J. Am. Chem. Soc., 96, 1620 (1974). 

1733 (1961). 

(1982). 

of the silyl ether in the presence of tetrabutylammonium 
fluoride. Two oxidation steps, which CAMEO does not 
handle currently, lead to 20. Electrophilic addition of 
chlorine yields 2 1 with no implied stereochemistry ac- 
cording to CAMEO. Chlorine is known to add in both the 
syn and anti manner to 01efins.~ Next, E2 reactions are 
predicted by CAMEO to yield both 22 (reported in 73% 
yield) and the E isomer. The program also yields 23 
through another possible E2 reaction and two products 
arising from SN2 displacement of the chlorines which have 
not been shown. The last product, 24, is the result of an 
SN2' chlorine displacement which by electronic arguments 
should not be favorable. 

Conclusion 
The capabilities of the CAMEO program have been ex- 

tended to include electrophilic and nucleophilic processes 
involving organosilicon intermediates. The unique re- 
activity and directing ability of silyl groups required 
modification to several parts of the program, including the 
perception of acidities, electrophiles, nucleophiles, and 
carbonium ion stabilities. In addition, the stereochemical 
sophistication of the program has been enhanced to pro- 
vide correct stereochemistry for products of substitution 
and @-elimination reactions. 
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In the condensation of sodium thiophenoxide with CFzBrCl in DMF at -40 OC, two mechanisms are involved 
simultaneously. A carbene chain process is postulated for the formation of C6H5SCF2Br and C6H6SCF2H. A 
radical chain process is implicated for the formation of C6HsSCF2C1 and C6H6SCF2SC6He These competitive 
chain processes could occur after an initial one-electron transfer from the thiophenoxide to CF2BrCl, giving a 
caged intimate radical/anion radical pair (RARP). 

Recently we showed that perhaloalkanes CF2BrX (X = 
C1, Br) can react by two types of mechanisms when op- 
posed to nucleophiles. In the condensation with phen- 
oxides, thiophenoxides,28 and carbanions: we postulated 
a chain mechanism involving the difluorocarbene (Scheme 
I). The fact that hydrogenated byproduds NuCF2H and 
bromo derivatives NuCFzBr were obtained with CF2BrCl 
was in favor of this mechanism. Furthermore, the con- 

densation of CF2Br2 with potassium 2-allylphenoxide 
shows evidence for difluorocarbene formation since two 
CF2 units are incorporated in the molecule.' Other reports 
are in agreement with the carbene process.6-6 

Scheme I (Path A) 
Nu- + BrCFzX - NuBr + CF2X- 

CF2X- - :CF2 + X- 

(1) Part 5: I. Rico and C. Wakselman, J. Fluorine Chem., 20, 765 NU- + :CF2 + NuCF2- 
(1982). 

(2) I. Rico and C. Wakselman, Tetrahedron Lett., 22, 323 (1981). 
(3) I. R!co and C. Wakselman, Tetrahedron, 37, 4209 (1981). 
(4) I. RICO, D. Cantacuzene, and C. Wakeelman, J. C h m .  SOC., Perkin 

NuCF2- + BrCFzX - NuCF2Br + CF2X' 

NuCF2- + "H" - NuCF~H Tram. 1,  1063 (1982). 
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However, in the condensation with enamines' a radical 
chain mechanism is involved. No hydrogenated byproduct 
was obtained. Furthermore, with CFzBrC1, the only 
products observed were NuCFzC1. In the case of charged 
nucleophiles, the radical chain mechanism, similar to the 
one proposed by Kornblum8 and Bunnettg can be written 
as shown in Scheme 11. 

Scheme I1 (Path B)  

Nu- + BrCFzX - Nu* + BrCF2X-. 

BrCF2X-. - CF2X + Br- 

NU- + CF2X ---c NuCF2X-m 

NuCFzX-. + BrCFzX - NuCFzX + BrCFzX-. 

In the case of BrCF2C1, the nature of the group intro- 
duced on the nucleophile (CFzBr or CFzC1) is a good in- 
dication of the mechanism involved: chlorodifiuoromethyl 
compounds are formed by a radical chain process (path 
B, X = C1) whereas bromodifluoromethyl derivatives are 
the result of a carbene chain mechanism (path A, X = Cl). 

In this paper we present evidence for the coexistence of 
the two processes (paths A and B). The condensation of 
CFzBrCl with thiophenoxides ArS- that we described 
earlier" was performed in phase-transfer conditions. The 
fluoro derivatives ArSCF2Br and ArSCF2H were the only. 
ones obtained. Soon after, Suda and Hinolo reported the 
same type of condensation but in DMF at -40 "C. In these 
conditions the disubstituted products 2 are formed with 
~ - N O ~ C B H ~ S -  and 4-ClC&S-. 

Rico, Cantacuzene, and Wakselman 

Table I. Condensation of BrCF,Cl with 
C,H,SNa in DMF at -40 "C 

3: 4," 3 t 5," 6: 5 + 
BrCF,Cl/C,H,SNa % % 4 , %  % % 6, % 

211 9 3 1 2  5 43 48 
211 + nitrobenzeneb 52 2 54 2 5 7 

a Average values of several experiments (variations for 3 
and 6, c 3%; variations for 4 and 5, +1%). 
nitrobenzene per mol of C,H,SNa (similar results are 
obtained if the amount of nitrobenzene is increased). 

1 mol of 

lb,'X = NO2 

The authors postulated an ionic mechanism to explain the 
formation of 2. 

ArSCF2- + ArSBr - ArSCFzSAr 

2b,X = NO2 

Another possibility is a radical process. We performed 
inhibition experiments to check this hypothesis. 

Results 

Condensation of Sodium p -Chlorothiophenoxide 
with BrCF2Cl. We repeated Suda's work on p-chloro- 
thiophenoxide and verified that the disubstituted product 
2a was the major one formed with BrCFzCl in DMF at -40 
"C. We showed that the formation of 2a is completely 
inhibited by p-dinitrobenzene," a fact that is in favor of 
a radical process. 

Condensation of Sodium Thiophenoxide with 
CF2BrCl. The condensation of sodium thiophenoxide 
with BrCF2C1 in DMF at  -40 "C, a case that had not been 

(5) P. Bey and J. P. Vevert, Tetrahedron Lett., 1215 (1978). 
(6) 5. A. Poetovoi, L. T. Lantseva, and Yu. Zeifman, Zzu. Akad. Nauk. 

SSSR, Ser. Khim., 210 (1982). 
(7) 1. Rico, D. Cantacuzene, and C. Wakselman, Tetrahedron Lett., 

22, 3405 (1981). 
(8) N. Kornblum, Angew. Chem., Int. Ed. Engl., 14,734 (1975). 
(9) (a) J. F. Bunnett and X. Creary, J.  Org. Chem., 39, 3173 (1974); 

(b) J. F. Bunnett, and X. Creary, ibid., 40,3740 (1975); (c) J. F. Bunnett, 
Acc. Chem. Res., 11, 413 (1978). 

(10) M. Suda and C. Hino, Tetrahedron Lett., 22, 1977 (1981). 
(11) Thiophenoxides are known to react with p-dinitrobenzene a t  25 

OC (N. Kornblum, et al., J. Org. Chem., 41, 1660 (1976)). We checked 
that this reaction does not occur with p-chlorothiophenoxide at  -40 OC. 

studied by Suda, gives four products: the bromo and 
hydrogenated derivatives 3 and 4 and the chloro and di- 
substituted derivatives 5 and 6.12 

3 

CBH~SCF~H C&SCF&1 C&SCF2SC&5 
4 5 6 

The total yield of the condensation is 60% (see Table 
I for the proportions of the different products). The ad- 
dition of nitrobenzene greatly reduces the amount of 6, 
which is a good indication of a radical chain process for 
the formation of this product. Simultaneously the amount 
of 3 increases, which is in favor of two different processes 
for the formation of 3 and 6. 

So, in DMF at  -40 "C, we observe coexistence of a 
carbene and a radical chain mechanism in the reaction of 
thiophenoxide with CFzBrC1. 

Condensation of Sodium Thiophenoxide with 
CFzCl2. We have been able to perform the condensation 
of CFZCl2 with sodium thiophenoxide under UV irradiation 
with a 35% yield. 

DMF, - 40 O C  

C6H5SNa + CFzC12 I.,, 

Products 4,5, and 6 are obtained: the yield of 4 and 5 
is low (6%), the major product being compound 6 (22%). 
The fact that the reaction takes places under UV irradi- 
ation is in favor of a radical mechanism for the formation 
of 6. 

Discussion 
All these results show that two mechanisms are involved 

a carbene chain process leading to ArSCF2Br and ArSC- 
FzH (path A, Scheme I) and a radical chain process leading 
to ArSCFzSAr (path B', Scheme 111). 

Scheme I11 (Path B') 

ArSCF&l-* ---c ArSCF2. + C1- 

ArSCFz. + ArS- - ArSCFzSAr-. 

ArSCFzSAr-. + BrCFzCl - ArSCFzSAr + BrCF2C1-. 

ArSCFzCl-. could partly decompose to ArSCF,. before 
reacting with BrCFzCl (path B) and then react with ArS- 
(path B') to give ArSCF2SAr. This kind of "bond 
breaking" of the radical anion intermediate has been re- 
cently described by Alonso and R0SSi.13 To understand 
the difference between DMF solutions and phase-transfer 

(12) Recently Burton and Viemera (D. J. Burton and D. M. Viemera, 
J. Fluorine Chem., 18, 573 (1981)) described the preparation of 6 by 
reacting C6HsSNa with CBHsSCF2Br in sulfolane. However the charac- 
teristics given for 6 are not in agreement with ours. 

(13) R. A. Alonso and R. A. h i ,  J. Org. Chem., 47, 77 (1982). 
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Scheme IV 
Nu- + CBrCI3 
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sequently the disubstituted derivative ArSCF,SAr. The 
hypothesis of a cage can explain the different results ob- 
served in phase-transfer conditions and in DMF at -40 "C. 

It seems clear that the products inhibited by radical 
scavengers are formed by a single-electron transfer (SET) 
pathway (Scheme V, path b). The products formed by the 
carbene process could result either of the same initial SET 
pathway (Scheme V, path a) or of a nucleophilic attack 
on the halogen atom (Scheme V, path c). However poly- 
halomethanes are fairly strong electron-transfer oxidants 
as judged by their Eo v a l ~ e s , ' ~ J ~  and the SET hypothesis 
is quite reasonable for the two processes. 

Some important differences between nonfluorinated and 
fluorinated perhaloalkanes appear. No carbene chain 
process occurs with nonfluorinated perhaloalkanes 
(Scheme IV, path a); this might be due to the fact that the 
rate of decomposition of CX, (X = C1, Br) is much slower 
than for CF2X-.1s20 Furthermore, the existence simul- 
taneously of the two mechanisms was not observed by 
Meyers. The condensation of CFarCl with thiophenoxide 
in DMF at  -40 OC is a good example of a competition 
between carbene and radical chain processes in the same 
reaction. 

We showed2p3 that phenoxides do not react spontane- 
ously with BrCF2X but that the reaction is initiated by 
thiophenoxides. Since phenoxides do not transfer an 
electron easily,2l thiophenoxides initiate the reaction by 
the formation of a radical/radical anion pair and the re- 
action proceeds. 

Conclusion 
A general mechanism for the reaction of CF2X2 with 

nucleophiles is represented in Scheme V. Nu- can be a 
nucleophile with a net charge like ArO-, ArS-, R3C-, etc., 
or an uncharged nucleophile with a doublet on the het- 
eroatom like in C=C-N<, R3P. For these neutral nu- 
cleophilic species the one-electron transfer, in the first step, 
produces cation radical/anion radical pairs (CRARP) = 
>C=C-N+.BrCF2X-. or R3P.+BrCF2X-. instead of the 
RARP for charged nucleophiles. 

Experimental Section 
Proton magnetic resonance spectra (NMR) were recorded on 

a Perkin-Elmer R24A Model spectrometer and are reported in 
parta per million (6 )  downfield from tetramethylsilane. Fluorine 
magnetic resonance spectra were obtained on a JEOL Model C60 
HL (56.4 MHz) spectrometer and are reported in parts per million 
(4) upfield from trichlorofluoromethane (solvent CDC1,). Mass 
spectra were obtained on a AEX MS30 spectrometer at 70 ev. 

Bromochlorodifluoromethane (BrCF2C1) and dichlorodi- 
fluoromethane were purchased from Fluorochem. NaH and 
thiophenols were purchased from Aldrich. DMF (Aldrich) was 
distilled before use. 

All the apparatus were dried and flushed with argon before use. 
NaH was washed with dry hexane to remove the oil. 

Condensation of CF2BrCl with Sodium p-Chlorothio- 
phenoxide. 1. Dry DMF (50 mL) was added, under argon, to 
NaH (55% in oil, 0.9 g, 0.02 mol) previously washed with hexane. 
p-Chlorothiophenol(2.9 g, 0.02 mol) in 5 mL of DMF was added 
as drops at room temperature under stirring. After 1 h, argon 
was bubbled into the solution for 30 mn. The mixture was then 
cooled to -40 O C  and bromochlorodifluoromethane (6.6 g, 0.04 

Nu (CBr C I 3) 

NuBr + El3- Nu* + CBrCI3-* 

or 1-6,- 

NuCl + CBrCI,- 
.CC13 

NuV t V I  CFzX- 

p a t h  8 R C * 4rS ' 7  ( P n d i e  t r a n s f e r  RJP ArSe 

. a t ?  ~1 enan ne5 ynamlnei(') (CH,)$IIQ~ "I 

ii I n d t n  " 4rS (DPF 40 

conditions, a useful comparison with nonfluorinated per- 
haloalkanes can be made. 

Meyers studied the condensation of perhalomethanes 
CCl,, CBr,, and CBrC1314JS with ketones, sulfones, and 
alcohols in basic medium. 

For a given haloalkane CX3Y, depending on the nu- 
cleophile used, either the monohalosubstituted products 
NUX, NuY are obtained or the hihalomethane-substituted 
derivative NuCX3 is produced. The authors explained 
these results by the formation of a radical/radical anion 
pair (RARP) through a monoelectronic transfer as shown 
in Scheme IV. 

Nucleophiles follow path a when the radicals Nu* are 
unstable. In this case Nu. reacts in the cage and halo- 
genation occurs to give NuBr (or NuC1). When Nu. is 
stable, path b is followed. Nu- reacts with the radical CC13- 
by a radical chain mechanism to give NuCC13. So Meyers 
found two mechanisms in the condensation of nucleophiles 
with perhaloalkanes. 

We can also postulate common first step through a 
monoelectronic transfer (Scheme V). In this hypothesis 
the intimate radical/radical anion pair should be tight in 
a solvent like benzene (phasetransfer conditions) and lome 
in a more polar solvent like DMF. So, in this case, the 
anion radical BrCF2X-. can escape from the cage and 
diffuse in the solvent to give the radical CF2X. and sub- 

(14) C. Y. Meyers, W. s. Mattewe, L. C. Ho, W. H. Kolm, and T. E. 
Parady, 'Catalysis in Organic Synthesis", Academic Press, New York, 
1977, p 197. 

(16) C. Y. Meyers, "Topics in Organic Sulfur Chemistry", University 
Press, Ljubljana, Yugoslavia, 1978, p 207. 

(16) L. Eberson, Acta Chem. Scand., Sect B, B36, 533 (1982). 
(17) M. Chanon, Bull. SOC. Chim. Fr. 197 (1982). 
(18) J. Hine and P. B. Langford, J. Am. Chem. SOC., 79,5497 (1957). 
(19) J. Hine, N. W. Burske, M. Hine, and P. B. Langford, J. Am. 

Chem. SOC., 79,1406 (1967). 
(20) J. R. Larson and N. D. EDiotis, J. Am. Chem. SOC., 103, 410 

(isSij. 
(21) R. A. Rossi, A. B. Pierini, J.  Org. Chem., 45, 2914 (1980). 
(22) I. Rico, Thesis, Paris VI University, 1982. 
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mol) added quickly. The solution was kept for 1 h at -40 O C  and 
warmed to room temperature for 1 h. The mixture was poured 
over 100 mL of 15% HCl and extracted with chloroform. The 
combined extracts were washed with NaOH and water and dried 
over MgSO,. Chloroform was evaporated. Product 2a was ob- 
tained after c r y s e t i o n  from ether: mp 136-138 "C; 1.2 g (35% 
yield); '9 NMR 6 51 (8). Anal. Calcd for C13H8C12Fa2: C, 46.30; 
H, 2.39. Found: C, 46.30; H, 2.35. 

2. Inhibition by p -Dinitrobenzene. The same procedure 
as above was used. p-Dinitrobenzene (0.4 g) was added at  -40 
OC before the introduction of CF2BrCl. In these conditions, the 
formation of the disubstituted product 2a is completely inhibited. 

Condensation of CF2BrCl with Sodium Thiophenoxide. 
1. The same procedure as above was used for the condensation 
of sodium thiophenoxide with CF2BrCl. Thiophenol(2.2 g, 0.02 
mol) and 6.6 g (0.04 mol) of CF2BrC1 are used. After hydrolysis 
and workup, a bulb-to-bulb distillation was performed at 0.1 
mmHg. The light products C&,SCF2Br (3), C&$CF2C1 (5), and 
C6H5SCF2H (4) are collected (0.8 g; yield 9% 3; 5% 5; 3% 4): '9 
NMR 3 4 21.7 (8 ) ;  5 28.4 (8); 4 (90, d, Jm = 60 Hz). Compounds 
3 and 4 have been identified by comparison with authentic sam- 
p l e ~ . ~  

From several experiments we have been able to purify CBHS 
SCF2Cl (5): a spinning-band distillation of the mixture of 3,4, 
and 5 gave pure 5 bp 82 "C (30 mm); 'H NMR 6 7 (m); '9 NMR 
@J 28.4 (8). MS, m l e  194-196 (M'), 159 (M - Cl), 109 (M - CF2Cl). 
Anal. Calcd for C7H5ClF2S: C, 43.19; H, 2.58. Found: C, 42.76; 
H, 2.50. 

The residue of the bulb-to-bulb distillation was distilled; 1.2 
g (43% yield) of compound 6 was obtained bp 110-115 OC (0.1 
mm); 'H NMR 6 8 (m); lgF NMR C#J 49 (8); 13C NMR (CDC13) 6 
132.4 (CF2, t, Jm = 315 Hz). Anal. Calcd for C13H1J7a2: C, 58.21; 

H, 3.73; F, 14.18; S, 23.88. Found C, 58.52; H, 3.95; F, 14.16; 
S, 23.85. 

D. J. Burton12 gives for 6 the following characteristics: bp 103 
"C (1 mm); 13C NMR 6 119.2 (t, JCF = 338.3 Hz). 

2. Inhibition by Nitrobenzene. The same procedure m above 
was used. Nitrobenzene (2.4 g, 0.02 mol) was added at  -40 "C 
before the introduction of CF2BrCl. After hydrolysis and workup, 
a bulb-to-bulb distillation was performed. The light products 3, 
4,5, and nitrobenzene are collected (5 g). The three fluorinated 
derivatives (5 - 2.4 = 2.6 g) are anal& by '% NMR, which shows 
that 3 is the major product (more than 95%); yield in 3, 52%. 
Distillation of the residue gives 0.15 g of 6 (yield 5%). 

Condensation of CF2Clz with Sodium Thiophenoxide. Dry 
DMF (130 mL) was added to sodium hydride (55% in oil, 2.18 
g, 0.045 mol) previously washed with hexane. Thiophenol (5 g, 
0.045 mol) was added as drops. The mixture was poured into a 
silica vessel. DMF (150 mL) was added, and argon was bubbled 
into the solution. The mixture was cooled to -40 OC and CFzC12 
(11 g, 0.09 mol) added. The solution was irradiated at -40 O C  

for 2 h with a high-pressure mercury lamp (TQ Hanau). Hy- 
drolysis and workup were done as described above. 

A bulb-to-bulb distillation gives the light products, 1 g (yield 
6% 5; 6% 4). The residue was distilled at 0.1 mmHg; 1.3 g of 
6 was obtained (yield 22%). 
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Precursors of sinefungin were prepared by chain extension of the blocked adenosine 5'-aldehyde 4 through 
a carbon-carbon bond to C-5'. Bond formation was accomplished with variously functionalized stabilized ylides. 
Employment of 2-oxo-3-(triphenylphosphoranylidene)tetrahydrofuran (7) gave a nucleoside lactone (8) which 
was converted in several steps to a C-6' carboxylic acid (1Oc). A Curtius rearrangement of this acid, quenching 
with benzyl alcohol, allowed the introduction of a C-6' amino group, blocked as a urethane (lla). The chain-ending 
(C-8') alcohol was converted to a leaving group and displaced by azide ion and dibenzyl sodiomalonate. 

Sinefungin (1, SF; see Chart I), a nucleoside antibiotic 
isolated from Streptomyces griseolus, is one of a number 
of naturally occurring nucleosides containing amino acid 
residues.2 The unique feature of sinefungin is that the 
bond between the amino acid (ornithine) and the nucleo- 
side (adenosine) is a carbon-carbon bond, thus producing 
a decose as the carbohydrate moiety. Sinefungin is 
structurally quite similar to S-adenosylmethionine 
(AdoMet) and S-adenosylhomocysteine (AdoHcy), with the 
sulfur in AdoHcy or methylated sulfur in AdoMet being 
replaced by CH(NH2). The spatial orientation of the am- 

ino group in sinefungin ( S )  is identical with that of the 
methyl in AdoMeta3 It has been suggested on the basis 
of labeling studies that a preformed adenosine derivative 
and ornithine or a derivative are close biosynthetic pre- 
cursors of sinefungin.4 Sinefungin has been found to have 
activity against fungi, viruses, parasites, and cancer in 
vitro6 and has been reported to have in vivo antiviral ac- 
tivity! The wide range of biologic activity of SF may be 
due to ita strong inhibition of a variety of AdoMet-utilizing 
methyltran~ferases~~'~ or to the inhibition of an enzyme 

(3) Nagarajan, R., Eli Lilly and Co., private communication. 
(4) Berry, D. R.; Abbott, B. J. J.  Antibiot. 1979, 31, 185-191. 
(5) See ref 2, pp 19-23. 
(6) Nagarajan, R. US. Patent 4 158056, 1979. 
(7) Fuller, R. W.; Nagarajan, R. Biochem. Pharmacol. 1978, 27, 

(1) Addreas correspondence to this author at the Southern Research 

(2) Suhadolnik, R. J. "Nucleosides aa Biological Probes"; Wiley: New 
Institute, P.O. Box 55305. 

York, 1979. 1981-1983. 
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