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The intermediacy of carbonium ions in the reaction of alkyl 
halides with molybdenum(V) chloride is supported by the 
fact that t rea tment  of l-iodo-2-phenylethane-2,2-dzl0 (1) 
with molybdenum(V) chloride produces a 1:l mixture of 1- 
chloro-2-phenylethane-2,2-d2 and 1-chloro-2-phenyleth- 
ane-l,l-dz. When this experiment was carried to -50% 
completion, the recovered start ing halide was found to con- 
sist of a 1:l mixture of 1 and l-iod0-2-phenylethane-1,l- 
d2.15,16 

Synthetically, the reaction of alkyl halides with molyb- 
denum(V) chloride expands the utility of halogen intercon- 
version to alkyl fluorides in particular, and  to tert iary ha- 
lides in general. Moreover, the conversion of alkyl halides 
to alkyl chlorides using molybdenum(V) chloride can be ac- 
complished selectively and under conditions that are com- 
paratively milder than those required for the analogous 
conversion involving displacement by chloride ion. As such, 
the replacement of fluoride, bromide, and iodide by chlo- 
ride using molybdenum(V) chloride offers a useful compli- 
men t  to halide interconversion procedures that proceed by 
s N 2  displacement. 

Experimental Sectionla 
Molybdenum(V) chloride was prepared by the literature pro- 

cedure.lg 2-Fluorooctane,l3 l-iod0-2-phenylethane,~~ and 1,l-di- 
fluorocyclohexaneZ0 were prepared using known procedures. 

Procedures for Halogen Interchange. Similar procedures 
were used to effect the halogen interchange listed in Table I. 

Conversion of 2-Fluorooctane to 2-Chlorooctane. Molyb- 
denum(V) chloride (1.20 g, 4.39 mmol) was placed in a flame-dried, 
25-ml flask containing a Teflon-coated stirrer bar. Methylene chlo- 
ride (3 ml) was added by syringe followed by the slow addition of a 
solution of 2-fluorooctane (1.16 g, 8.78 mmol) in methylene dichlo- 
ride (2 ml) over a 5-min period. This mixture was stirred for 2 hr, 
then cautiously hydrolyzed with water (1 ml). The organic layer 
was separated, dried (MgSOd), and passed through a short column 
of alumina. GLC analysis of the eluent indicated a 71% yield of 2- 
chlorooctane. A collected sample had the retention time and ir 
spectrum equivalent to that of authentic 2-chlorooctane. 

Conversion of 1-Iodo-2-phenylethane to 1-Chloro-2-phen- 
ylethane. A solution of 1-iodo-2-phenylethane (2.35 g, 10.1 mmol) 
in dichloromethane (8 ml) was added by syringe to a solution of 
molybdenum(V) chloride (4.25 g, 15.6 mmol) in methylene chlo- 
ride (7 ml) contained in a 25-ml, dried flask equipped with Teflon- 
coated stirrer bar and capped with a rubber septum. The resulting 
mixture was stirred for 2 hr a t  room temperature before cautiously 
adding water (1 ml). The organic layer was separated, dried 
(MgS04), and passed through a short column of alumina. Analysis 
of the eluent indicated a 60% yield of 1-chloro-2-phenylethane. 
The infrared spectrum and retention time of sample collected from 
GLC was equivalent to that of authentic 1-chloro-2-phenylethane. 

Conversion of 1,3-Dibrornobutane to 1-Bromo-3-chlorobu- 
tane. Molybdenum(V) chloride (1.27 g, 4.66 mmol) was placed in a 
25-ml, flame-dried flask equipped with a Teflon-coated stirrer bar 
and capped with a rubber septum. Dichloromethane (3 ml) was 
added by syringe followed by a solution of 1,3-dibromobutane 
(1.80 g, 8.32 mmol) in dichloromethane (2 ml). After stirring for 10 
hr at  room temperature, the reaction mixture was cautiously hy- 
drolyzed with water (1 ml) and the organic layer was dried and 
passed through a short column of alumina. Analysis of the eluent 
by GLC indicated the major product (66%) to be 1-bromo-3-chlo- 
robutane: M+ mle  170; ir (CS2) 803 cm-l [s, u(C-CI)]; ‘H NMR 
(CCL) 6 4.18 (sextet, 1 H), 3.49 (t, 2 H), 2.13 (quart, 2 H), 1.55 (d, 3 
H). 

Conversion of 1,l-Difluorocyclohexane to 1,l-Dichlorocy- 
clohexane. Molybdenum(V) chloride (1.69 g, 6.20 mmol) was 
placed in a 25-ml, flame-dried flask equipped with Teflon-coated 
stirrer bar and capped with a rubber septum. Dichloromethane (3 
ml) was added by syringe followed by a similar addition of a solu- 
tion of 1,l-difluorocyclohexane in methylene chloride (3 ml). After 
5 hr and a work-up similar to that described above, the reaction 
mixture was analyzed by GLC. The principal product (31%) as re- 
vealed by its retention time, mass, and infrared spectra, was 1,l- 
dichlorocyclohexane.21 

Registry No.-MoCls, 10241-05-1. 
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Vinyl exchange between vinyl acetate and a nitrogen het- 
erocyclic compound is a valuable one-step preparation of 
N-vinyl heterocycles, and thus  is important in the  synthe- 
sis of polymers.’ The reaction is acid catalyzed and  is be- 
lieved to proceed through two successive equilibria1 as 
shown in eq  1. 
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HetN-H + CH3COOCH=CH2 + Hg(OCOCH3)2 e 
HetN(CH3COO)CHCH2HgOCOCH3 + 

CH3COOH F? HetN-CH=CHz + CH3COOH + 
Hg(OCOCH3)z (1) 

Use of this reaction brings two problems-it is not clear 
which of the possible isomeric N-vinyl compounds may be 
formed and the isolation of the product is often tedious. In 
this work we focus on both these problems. 

In many cases several isomeric N-vinyl derivatives could 
arise from a single heterocycle; nevertheless, in all exam- 
ples described to date, only one isomer has been isolated. 
In the pyrimidine series, of the two possible (1 or 3) iso- 
mers, only the 1-vinyl compounds were obtained. The fol- 
lowing compounds were investigated: 4-ethoxy-2-pyrimidi- 
none (yield of vinyl derivative 55%),2 2-ethoxy-4-pyrimidi- 
none (yield 2,4-bis(trimethylsiloxy)pyrimidine 
(yield 40%),4 and 2-trimethylsiloxy-4-trimethylsilylamino- 
pyrimidine (yield 21%).4 In the purine series, of the four 
possible isomers (1, 3, 7, and 9) only the 9-vinyl compounds 
were formed. The following compounds were studied: 6- 
chloropurine (yield 70%),2 2,6-dichloropurine (yield 80%),2 
adenine (yield 2%),5 and 6-benzoyladenine (yield 65%).5 

In surprising contrast, two major products and one 
minor one were formed when purine was used in the vinyl 
exchange reaction. The major products, obtained in ap- 
proximately equal yields, were hydrogenated, compared 
with the known N-ethylpurines,G-s and identified as 7- 
vinylpurine and 9-vinylpurine. When the vinyl exchange 
reaction was used on theophylline (1,3-dimethyl-2,6-pu- 
rinedione), only one product was formed. This was 7-vinyl- 
theophylline, previously synthesized by another meth- 
O ~ . ~ J O  The position of the vinyl group was further con'- 
firmed by hydrogenation of this compound to the known 
7-ethy1the0phylline.l~ 

Considerable data have been collected on the direction of 
alkylation and acylation of purine derivatives;12 the posi- 
tion of vinylation and the position of alkylations or acyla- 
tion do not seem to correspond. On the other hand, a rea- 
sonable correlation is obtained between the position of the 
tautomeric hydrogen atom in the parent heterocycle and 
the position of vinyl substitution. All the purine derivatives 
investigated to date are either 7H or 9H tautomers. In pu- 
rine, both 7H and 9H tautomers have the same stabili- 
ty;12-16 in theophylline the 7H tautomer is favoredl'Js 
while in adenine,13J9 6-chloropurine,18 and 2,6-dihloropur- 
ine18 the 9H tautomers are favored. The position of the 
proton in the most stable tautomeric form is also taken by 
the vinyl group in this reaction. 2-Ethoxy-4-pyrimidinone 
exists in nonpolar solutions as the 3H tautomer, while in 
polar solutions both forms are p r e ~ e n t . ~  In this particular 
compound, however, positions 1 and 3 are very different 
sterically and this may override other factors in the vinyla- 
tion reaction. 

We investigated the possibility that the position of the 
vinyl group in the product is determined by the relative 
thermodynamic stability of the product, but found that 
this is not the case. When purine is used in the vinyl ex- 
change reaction, approximately the same amounts of 7- and 
g-vinylpurine are obtained. When pure 7- and 9-vinyl de- 
rivatives were used in the vinyl exchange reaction no isom- 
erization was noticed. Apparently equilibria as given by eq 
1, for all the isomeric N-vinyl compounds, are not estab- 
lished under the mild conditions used. Thus the ratio of 
isomeric vinyl derivatives is apparently kinetically con- 
trolled. 

Isolation of the products from the vinyl exchange reac- 
tion is a tedious process because vinyl acetate forms de- 
composition products which appear to form emulsions and 

interfere with extractive isolation. We now find that simple 
filtration of the reaction mixture through a short column of 
activated alumina gives directly a colorless solution of the 
N-vinyl compound in vinyl acetate; the catalysts, the un- 
reacted starting material, and the decomposition products 
are much more strongly adsorbed than the product. This 
labor-saving procedure furthermore improves the yields 
considerably. Thus, l-vinyl-4-ethoxy-2-pyrimidinone was 
obtained in 70% instead of the previously obtained 55% 
yields.2 

Experimental Section 
Melting points were determined on a hot stage and are not cor- 

rected; ultraviolet spectra were measured in a Cary 15 spectropho- 
tometer in phosphate buffer (0.15 M NaC1, 0.01 M sodium phos- 
phate, pH 7.3), and infrared spectra in a Beckman IR12 spectro- 
photometer. All products, before any identification operation, were 
sublimed in vacuo (0.1 mm). 

Vinylation Reactions. To a suspension of 0.5 g of mercuric ace- 
tate in 150 ml of vinyl acetate (stabilized, practical grade) con- 
tained in a glass pressure flask was added a solution of 0.1 ml of 
sulfuric acid in 2 ml of ethyl acetate. After a solution was formed, 
1-1.5 g of the heterocyclic compound was added and nitrogen was 
bubbled through the suspension for 10 min. Thereafter, the closed 
flask was kept for 3-4 days at 40°C (water bath). The red-brown 
reaction mixture was then filtered through neutral activated a h -  
mina (100 ml was used for 4 g of starting compound) in a separato- 
ry funnel. The alumina was washed with 100 ml of ethyl acetate 
and the slightly yellow filtrate was evaporated in vacuo to yield a 
crystalline product. 

A. Purine. The product from the vinylation of 4 g of purine was 
recrystallized from ethyl acetate to yield pure 7-vinylpurine (925 
mg): mp 137-138O; uv A,,, 225 nm (c  4000), 260 (6000), 274 (shoul- 
der). Anal, Calcd for C ~ H ~ N Q :  C, 57.53; H, 4.14; N, 38.34. Found: 
57.25; H, 4.03; N, 38.51. The mother liquors were concentrated in 
vacuo and applied to six preparative thin layer chromatography 
plates (PLC silica gel 60F-254, E. Merck, Darmstadt 2 mm layer 
with the fluorescent indicator) and developed by ethyl acetate. 
Three main bands were observed with the following colors under 
uv light: violet (Rr 0.9), violet (R f  0.6), blue (Rf  0.3). Extraction 
with ethyl acetate of the blue band yielded more 7-vinylpurine 
(total 1225 mg, 25%). The violet (Rf 0.9) band on extraction yield- 
ed a small amount of material which darkened rapidly in air and 
therefore could not be satisfactorily identified. It may be noted 
that 1-ethylpurine, unlike all its isomers, was found to be unsta- 
ble.fi The violet (R, 0.6) band on extraction yielded 9-vinylpurine 
which after recrystallization from ethyl acetate had mp 113O; A,,, 
219 nm ( E  15000), 263 (5000); yield 22% (1050 mg). Anal. Calcd for 
C7HfiN4: C, 57.53; H, 4.14; N, 38.34. Found: C, 57.50; H, 4.06; N, 
38.29. The 7 and 9 isomers may be identified by ir bands at  600 
and 636 cm-' (KBr pellet), respectively. Each of these peaks are 
unique for each respective isomer. 
B. Theophylline. Vinylation of theophylline (4 g) yielded only 

one product which after recrystallization from benzene had mp 
177-178O, yield 75% (3.4 g) (lit.g mp 173-174O; lit.lo 176-177O). 

Hydrogenation of Vinyl Derivatives. The vinyl derivative (25 
mg) was dissolved in water, 25 mg of Pd (10%) on C was added, 
and the mixture was stirred in a hydrogen atmosphere at atmo- 
spheric pressure and room temperature for 5 hr. The mixture was 
clarified by filtration with filtration aid (Hyflo Super Cel, Fisher 
Scientific Co., Fair Lawn, N.J.) and evaporated is vacuo and the 
residue was sublimed in vacuo. 7-Ethylpurine was identified by mp 
102-104' and uv spectra: A,,, 267 nm (pH 7 )  and 258 (1 N HC1) 

mp 107O, uv spectra A,,, 267 nm (pH 7 )  and 258 (pH l)]. 9- 
Ethylpurine was identified by its ir spectrum in CC14 (identical 
with previously obtained material2). 7-Ethyltheophylline was iden- 
tified by mp 154-155O (lit.11 mp 154O). 

Equilibration of 7- or 9-Vinylpurines. Purified isomer (10 
mg) was treated in the same way as described under Vinylation 
Reaction. Only the starting isomers were detected by thin layer 
chromatography (silica gel Eastman sheet 6060 with fluorescent 
indicator, developed by ethyl acetate). To ascertain that the cata- 
lytic components were still fully active, a sample of purine (IO mg) 
was added to either reaction mixture. After 4 days at 4OoC both 7- 
and 9-vinylpurines were in either reaction mixture. 
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The addition of trichloromethyl compounds to olefins 
under iron or copper chloride catalysis is a general process, 
without almost any restriction on the olefin, and provides 
for high yields of 1:l adducts without te1omerization.l 

Trichloromethane phosphonyldichloride reacts in a simi- 
lar fashion, via a redox chain. The phosphonylchloride 
function is retained in the adducts, as expected. 

2CuC1, + C=C - 2CuC1 + Cl-C-C-C1 initiation (a) 

(b) C U C l  + CC1,PoC1, -=--L CUCl + . C C ~ , r n 1 , 1  

I CUCl, + ~c-c-cc1,poc1, - 
cuci + ci-c-c-cci,poci, J 

Reactions of trichloromethane phosphonyldichloride 
with 1-butene at  110 and 125O with tert-butyl perbenzoate 
as the initiator gave only a 10% yield of adduct, together 
with unconverted material and heavier products.2 In com- 
parison, catalysis by iron chloride afforded 90% adduct. 
Copper chloride (for the vinylic monomers) likewise gave 
high yields (Table I). 

Dimethyl and diethyl trichloromethanephosphonate also 
gave clean reactions, which, however, stopped a t  low con- 
version (compare, e.g., the reactions of butadiene in Table 
I). This seems to be the result of a gradual alkylation of 
chloride ions, since dialkyl phosphonates alkylate chloride 
ion,3 and especially the dialkyl trichloromethanephospho- 

nates are known4 to be good alkylating agents. Without 
chloride ligands on copper(I1) or iron(II1) ion, radicals 
formed in c are not trapped anymore by the metal salt as in 
d5 (dialkyl ester instead of dichloride), and the redox chain 
breaks down. In accord with this view, the dichloride and 
the diphenyl ester, which do not alkylate chloride ions, 
were fully converted into the corresponding adducts. Also, 
the reaction of butadiene with dimethyl trichloromethane- 
phosphonate stopped after only 25% conversion of the lat- 
ter, whereas the diethyl ester, which can be expected to be 
a less powerful alkylating agent, reached 50% under the 
same conditions. Finally, in a copper chloride catalyzed ad- 
dition of diethyl trichloromethanephosphonate to acryloni- 
trile at looo, an explosive polymerization of the monomer 
took place. This is only possible in the absence of chloride 
ions6 and never occurred in additions of the phosphonyldi- 
chloride instead of the diester. 

Twofold Addition. Under more drastic conditions, ex- 
cess ethylene reacted with trichloromethane phosphonyldi- 
chloride to give mainly the “twofold” addition product (2) 
as distinguished from the 2:l telomer Cl(CH2CH2)2- 
CC12POC12. Such “twofold” addition products have been 
mistaken for the isomeric 2:1 telomers in reactions of ex- 
cess methyl acrylate with carbon tetrachloride, chloroform, 
or ethyl trichloroacetate under drastic conditions.6 The iso- 
mers are readily distinguished by NMR, the “twofold” ad- 
ducts having spectra which are very similar to the corre- 
sponding 1:l adducts. 

The NMR spectrum of the carbon tetrachloride “two- 
fold” addition product of ethylene CC12(CH&HzC1)2, mp 
34-357 [S 2.7 (4 H, t) and 3.8 (4 H, t)], is also very close to 
that of 2, whereas the spectrum of the isomeric 2:l telomer 
Cl(CH2CH&CClS is quite different: 6 1.9 (4 H, m), 2.7 (2 
H, m), and 3.6 (2 H, m). 

Experimental Section 

NMR was on a Varian A-60 instrument. 
The solvents were dried over calcium chloride; anhydrous iron- 

(111) chloride and triethylammonium chloride were Merck analyti- 
cal. Copper(I1) chloride hydrate was made anhydrous by heating at  
120’ until constant weight. Dimethyl and diethyl trichloro- 
methanephosphonate8 and trichloromethane phosphonyldichlo- 
rideg were prepared by published procedure. The latter compound 
(mp 156’) was frequently used as a concentrated (-50%), distilled 
solution in 1,2,4-trichlorobenzene or in o-dichlorobenzene, boiling 
range 93-98 and 80-95’ (25 mm), respectively. Such solutions were 
easier to handle than the solid phosphonyldichloride, and the sol- 
vent served as an internal standard for monitoring the conversion 
by GLC. Also, unconverted phosphonyldichloride was entrained 
by the high-boiling solvent without clogging the condenser. The 
concentration of these stock solutions was determined either by 
GLC (2 f t  x 0.25 in. column, 10% UC-W98 on Chromosorb P, 
100-200°, 15’ min-1) or by titration of chloride ion after hydroly- 
sis (see below). 

Analytical. A convenient, quantitative determination of tri- 
chloromethane phosphonyldichloride and its adducts was based on 
their hydrolysis according to RCClzPOClz + HzO - 
RCClpPO(0H)Cl + HCl, in aqueous DMF.’O A sample was dis- 
solved in three to four times its weight in DMF containing 30% 
water, under considerable evolution of heat. After standing at  
room temperature for 1 hr, the solution was made up to 500 ml 
with water, and chloride ion was titrated in an aliquot by standard 
procedure. 

Correct chlorine analyses were obtained, either by hydrolysis or 
by combustion. The NMR spectra of the reported adducts are con- 
sistent with the assigned structure. The signal for protons on car- 
bon separated from 31P by not more than an -0- or a -CC12 link- 
age is split by phosphorus, as was reported for numerous organic 
phosphorus compounds.” 

Reactions. The reactions were carried out in sealed glass am- 
poules in the absence of air, and in the case of ethylene and pro- 
pylene, in a glass-lined autoclave. (see Table I). Upon completion 
of the reaction, the conversion of trichloromethane phosphonyldi- 
chloride or the corresponding diester and the yield of adduct was 


