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0,0’-Diethyl- and 0,0’-diisopropylthiophosphoric acids (phosphorothioic acid 0,0’-dialkyl esters) were

added by a free-radical mechanism to 1-pentene, 1,3-butadiene, and allene.
to form the corresponding S-n-pentyl, -crotyl, and -allyl thiophosphates.
factors observed in analogous additions of dialkyldithiophosphoric acids.

at a much slower rate with lower conversions.
of diadditions in the cases of butadiene and allene.

Highly selective additions occurred
Their formation is controlled by the
Thiophosphoric acids, however, add

Another distinguishing feature of these reactions is the absence
Hydrogen bonding of the addend by the adduct ester is

discussed as a possible factor causing these low conversions.

A variety of synthetic routes leading to phosphoro-
thioic acid 0,0,8-trialkyl esters via displacement reac-
tions have been reported.! Many of these esters have
been found to be of potential interest as pesticides?
and, therefore, their chemistry has been much ex-
plored. The ionic addition of O,0’-dialkylthiophos-
phoric acids (phosphorothioic acid O,0’-dialkyl esters)
to olefins® and nonhydrocarbon unsaturates* to form
such esters has been described. No report of such
additions by a free-radical mechanism is known.

In view of the successful free-radical-type addition
of 0,0’-dialkyldithiophosphoric acids (phosphoro-
dithioic acid O,0’-dialkyl esters) to dienes in this
laboratory,® we became interested in investigating
similar additions of O,0’-dialkylthiophosphoric acids.
In this study, first the reactivity of diethylthiophos-
phoric and -dithiophosphoric acids toward a simple
monoolefin, n-pentene, was compared. Then the
addition of dialkylthiophosphoric acids to 1,3-butadi-
ene and to allene was investigated and compared to the
corresponding diethyldithiophosphoric acid and thiol
additions.3~? Diethyl- and diisopropylthiophosphoric
acids were chosen as adding agents because they are
more readily synthesized and purified than the di-
methyl- or the higher dialkylthiophosphoric acids.l

Results

In contrast to O,0’-diethyldithiophosphorie acid®®
the dialkylthiophosphoric acids do not add to the ole-
fins studied unless the addition is catalyzed by ultra-
violet light or peroxides. This fact and the orientation
of the addition indicate that the reaction proceeds by
a free-radical chain mechanism.
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Reaction mixtures of diethyl- or diisopropylthio-
phosphoric acids and olefins in closed quartz vessels
were irradiated with ultraviolet light for 30-40 hr
without any solvent at a temperature of 16 + 3° to
effect such additions. In the case of l-pentene, the
reaction mixture was kept under a nitrogen atmosphere,
while, with butadiene and allene, the reactions were car-
ried out under their own vapor pressure. The progress
of the reaction was followed by semiquantitative nuclear
magnetic resonance spectroscopy (nmr). After re-
moval of the unreacted starting materials, the products
were analyzed by a combination of gas-liquid partition
chromatography (glpe) and nmr. With an equimolar
reactant ratio, as well as with a molar excess of thiol
acid, no diadduct formation was observed on nmr analy-
sis of the product mixtures obtained from butadiene
and allene. The corresponding monoadducts were
formed in high selectivities, and pure samples of the
major products were isolated on fractional distillation
in vacuo (Table I).

In general, the nmr spectra of dialkylthiophosphates
(Table II) resemble those of the corresponding dialkyl-
dithiophosphates. A special characteristic is the
additional splitting of the protons on the a carbon due
to spin-spin coupling to the phosphorus nucleus (I =
1/y) through the P-8-C or P~O-C bonds. There-~
fore, the O-methylene protons in O,0’-diethylthiophos-
phates appear as a double quartet, and the methine
protons of O,0’-diisopropylthiophosphates exhibit a
multiplet. The methyl protons of the O-ethyl and
O-isopropyl groups show the expected splitting into a
triplet and doublet, respectively.

From nmr analysis of the dialkylthiophosphoric
acid-olefin adducts (the dialkylthiophates), the pres-
ence of the P-S-C bond was readily deduced. The
a proton(s) appear at a considerably higher field than
the corresponding proton(s) of a P-O-C bond. This
difference in chemical shift (1.28 ppm) was demon-
strated in the spectrum of 0,0,8-triethyl thiophos-
phate (Table IT). In addition, the difference in cou-
pling constants of the « proton(s) and the phosphorus in
P-0-C (J = 9-10 c¢ps) and P-S-C (J == 14-15 cps)
bonds appears to be diagnostic (Table II). A strong
infrared absorption at 1255 em~* due to the P=0
stretching vibration!!# also aided in assigning a thiol
ester structure to the adducts.

1-Pentene.—Equimolar amounts of diethyl- or di-
isopropylthiophosphoric acids and 1-pentene afforded

(11) L. J. Bellamy, “The Infrared Spectra of Complex Molecules,”” John
Wiley and Sons Inc., New York, N. Y., 1959: (a) p 312; (b) p 319; (¢) p 351.
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TasLg II
NMR PARAMETERS OF DIETHYL- AND DIISOPROPYLTHIOPHOSPHORIC AcID AND THEIR MONOADDUCTS
(RO)P(O)SR/’
R’ R
~—=CGroup structure— Group chemical shift® JPscH Group ——————-—Chemical shift—————— JpocH,
1 2 3 4 1 2 3 cps structure CH CH:2 CH; cps
H s 7.88 C,H; Dg4.15 t1.36® 10
H s 8.10 +C:Hy m4.72 d1.33¢ 10
CH,CH, Dq2.8% t 1.34 15 C.H; Dqgq4.11 t1.3¢ 9
CH,(CH;)CH;, Dt 2.80 m1.1-1.9 t 0.91 15 C,H; Dq4.11 t1.33% 9.5
CH,(CH,);CH, Dt 2.78% m1.1-2.0 t 0.92 14.5 +C;H; m4.67 d1.32¢ 9
CH,CH=CHCH; Dd 3.374 m 5.60 d1.70¢ 15 C.Hs Dq4.08 t1.33% 9.5
CH,CH=CHCH; Dd 3.409 m 5.60 d1.69¢ 15 -C;H; m4.66 d1.32¢ 9.5
CH.CH=CH, Dd 3.43/ m5.86 m ~5.25 15 C.H; Dqg4.11 t1.3% 9.5
CH,CH=CH, Dd 3.43/ mb5.83 m ~5.25 15 +-C;H; m4.67 d1.322 9.5
¢ In carbon tetrachloride with tetramethylsilane (TMS) as an internal standard. * Jomcr; = 7ceps. ¢ Jomcnm, = 7¢ps. 4 Jomon= =

5.5 ¢cps. ¢Jcmcr= = Sceps. [ Jemer- = 6.5 ¢ps.
TasLe II1
INCcrREASE OF Appuct ForMATION wiTH EXCESS
0,0'-DIETHYLTHIOPHOSPHORIC ACID
CsH,CH=CH, + (C.H;0)P(0)SH — (C.H;0),P(0)SC:Hu

Excess thio acid, Yield of adduet, %——r

% Found® Caled®
0 50 50

25 63 62.5

75 92 87.5
100 100 100

o Semiquantitative nmr analyses and/or titration of excess
acid with 0.1 N’ NaOH. ° Based on the assumption that 2 moles
of acid are necessary for the formation of 1 mole of adduct (see
Discussion).

methyl protons of the butenyl group appear as a dou-
blet split by the vinyl proton on the adjacent carbon.
Weak shoulders on each peak of this doublet are prob-
ably due to long-range coupling of the vinyl proton
with the methyl group.

Allene.—The terminal adducts, 0,0’-dialkyl S-allyl
thiophosphates, were obtained in 859, selectivity from
0,0’-diethyl- or 0,0'-diisopropylthiophosphoric acid
additions to allene (Scheme III).

ScueMme 111

. RSH
[RSCH,C=CH,] —» RSCH.CH=CH,

CH—=C=CH, + RS- /

N

R RSH
[CH20|=CH2] ——— CHsC—_——CHz
SR R

Glpe analysis of the product mixtures showed, in
addition to the terminal adduct, 159, of the isomerie
thiophosphate derived from a center attack of the
phosphorylthiyl radical to allene. The retention time
of this isomer is little shorter than that of the terminal
adduct. A third component with a somewhat longer
retention time than the terminal adduct constituted
approximately 109, of the total product mixture. This
by-product is presumably due to oligomer formation
during the reaction.

The allyl structure of the terminal adducts was con-
firmed by their nmr spectra (Table II). A partially
resolved multiplet indicates the terminal vinyl protons,
and a multiplet at somewhat lower field is indicative

¢ Jomscr = 6 cps.

for the interior vinyl proton. For the allylic methylene
protons, a pair of doublets appears which is quite
similar to that of the crotylic methylene protons in
the 1,4 adducts of butadiene.

While the terminal adduets were isolated in a pure
state by fractional distillation, the center adducts were
only obtained as enriched mixtures together with the
terminal adducts. Elemental analysis of such a mix-
ture containing 339, (glpc) of the center adduct con-
firmed its isomeric nature. The structural assignment
is based on the appearance of an nmr singlet somewhat
broadened due to long-range splitting at 2.15 ppm for
the methyl protons of the propenyl group and the dis-
tinet decrease of the integral value for the multiplet
of the interior vinyl proton compared with that arising
for the terminal vinyl hydrogens in the enriched mix-
ture.

Discussion

The formation of a P-8-C bond rather than that of
a P-O-C bond during the free-radical addition of
dialkylthiophosphoric acids to olefins parallels the
results of nucleophilic displacement reactions with their
salts.»? Analogously, free-radical additions of thiol-
acetic acid to olefins have been reported to form thiol
esters exclusively.”!?

Free-radical addition of dialkyldithiophosphoric acids
to monoolefins, e.g., n-octene, was first reported by
Bacon and LeSuer.* In the absence of a free-radical
initiator, they observed a product with a Markovnikov
orientation, and, in the presence of peroxides, they ob-
tained one with an anti-Markovnikov orientation.
However, in the present study no addition of diethyl-
thiophosphoric acid to 1-pentene occurred in the ab-
sence of free-radical initiators.

The course of dialkylthiophosphoric acid addition
to 1,3-butadiene and allene also indicates an exclusively
free-radical mechanism. As expected, the factors
determining the course of such monoadditions do not
differ from those of analogous additions of dialkyl-
dithiophosphoric acids or simple thiols. These were
extensively discussed for both butadiene®!%1% and al-
lene®®17 in previous papers. A remarkable difference,

(13) F. W. Stacey and J. F. Harris, Jr, Org. Reactions, 18, 152 (1963).

(14) W, E. Bacon and W. M. LeSuer, J. Am. Chem. Soc., 76, 670 (1954).

(15) A. A. Oswald and F, Noel, J. Org. Chem., 26, 3948 (1961).

(16) A. A. Oswald, B. E. Hudson, Jr., G. Rodgers, and ¥. Noel, ibid., 27,
2439 (1962).

(17) T. L. Jacobs and G. E. Illingworth, Jr., J. Org. Chem., 38, 2692 (1963).
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however, is the virtual absence of diadducts in the
dialkylthiophosphoric acid additions.

The unusually low conversions of dialkylthiophos-
phoric acid-olefin additions can be overcome by, using
a molar excess of diethylthiophosphoric acid adding
agent in the case of 1-pentene. The linear dependence
of adduct formation on excess acid (Table III) sug-
gests hydrogen-bonded complexing of the acid by the
adduct formed. The experimental yields agree nicely

S
I
(RO),P(0)SH HOP(OR)
” + (RO)P(O)SR’ —>» (]')
(RO)P(S)OH. (RO)zllSR’

with the calculated values based on the postulate that
1 mole of acid complexes with 1 mole of adduet and
thus becomes unavailable for hydrogen abstraction
(Table III). An increase in adduct formation with
excess acid was also observed with butadiene and allene,
although no correlation was attempted in these experi-
ments. The consistently lower conversions observed
in these latter cases are probably due to the less de-
fined reaction conditions in the liquid-gas phase systems
and to some oligomer formation.

A 9° temperature rise observed on mixing of equi-
molar amounts of O,0’-diethyl S-pentyl thiophosphate
and diethylthiophosphoric acid is consistent with the
formation of a hydrogen-bonded complex. The rela-
tive extent of hydrogen bonding in mixtures of O,0'-
diethylthiophosphoric acid and 0,0’-diethyldithiophos-
phoric acid with the corresponding n-pentyl esters
was obtained from infrared and nmr shifts of the acidic
protons (Table IV). In general, an infrared shift of
the POH or PSH stretching vibration to a lower fre-
quency is indicative of hydrogen bonding.!**e The
observed downfield shifts of POH and PSH protons in
the nmr spectra of these mixtures should also reflect
the extent of hydrogen bonding since it is common
knowledge that acidic protons participating in hy-
drogen bonding are shifted downfield.!2

From the shifts shown in Table IV, it becomes evi-
dent that hydrogen bonding of both thiophosphoric
and dithiophosphoric acid to the P=0 takes place.
Very little or no hydrogen bonding occurs with the
P==S8 grouping which is in agreement with the ob-
served quantitative addition of O,0’~dialkyldithiophos-
phoric acids to unsaturates.>®

TasLE IV
SH anp OH StrETCHING FREQUENCIES AND CHEMICAL SHIFTS
OF Appucr-Acip MIXTURES IN REFERENCE TO THE ACID
POH and/or PSH-———

—

Adduct + acid® Hlm Av, 3, Aas,
R = C:H;, R’ = n-C;Hu em~! ¢m-! ppmd ppm
(RO)XP(O)SH === (RO)XP(S)OH 2340 0 7.63 0
(ROXP(O)SR' 4+ (ROXLP(S)OH 2330 —10 8.83 —1.20
(RO)P(B)SR’ + (RO)P(S)OH 2400 +60 7.25 40.38
(RO)PS)SH 2460 0 3.70 0
(RO)P(O)SR’ + (RO),P(S)SH 2410 —-50 4.69 —0.99
(ROXP(S)SR’ + (RO)P(S)SH 2460 0 3.80 -0.10

¢ Equimolar mixtures. °® Neat mixtures with TMS as an in-

ternal standard.

Unfortunately, the spectral data do not show to what
extent the hydroxyl or the thiol form of O,0’-diethyl-
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thiophosphoric acid is involved in the observed com-
plexing. It was shown, however, that diethyldithio-
phosphoric acid adds readily under ultraviolet initia-
tion to 1-pentene in the presence of 1 equiv of O,0'-
diethyl S-pentyl thiophosphate. If a formal compari-
son of thiophosphoric and dithiophosphoric acids is
possible, this result suggests that the POH rather than
the PSH form is involved in the complexing of the thio-
phosphoric acid.

Finally, the much slower rate of addition of 0,0'-
diethylthiophosphoric acid to l-pentene, observed in
a competition experiment with O,0’-diethyldithiophos-
phoric acid, may be due to an unfavorable equilibrium
between the thiol and thiono form,*8 since only the thiol
form can take part in the hydrogen-abstraction step.
It may, however, also reflect the relative stability of the
two thiyl radicals in question, e.g.

0O S

/ ’ 7
(RO)P - and | (RO)P

N X

et

In conclusion, this study has demonstrated the
feasibility of free-radical addition of dialkylthiophos-
phoric acids to unsaturates. Furthermore, it was
shown that a molar excess of thiophosphoric acid is
necessary to reach a quantitative addition to a 1-olefin.

Experimental Section

Method of Analyses.—The adduct mixtures were analyzed by
gas chromatography using an F & M Model 500 linear pro-
grammed temperature gas chromatograph with a 3 ft X 0.25
in. o.d, column. The column packing consisted of 39, Dowfax
9N40 (an ethylene oxide-p-nonylphenol poly ether of a 40:1
molar ratio) on 60-80 mesh Gas Chrom P. Operation conditions
were as follows: detector, 250°; injector, 170°; flow rate, 60
ce/min; column heating rate, 5.6°/min; starting temperature,
50°; final temperature, 240°; sample size, 0.5 ul.

Nmr spectra were recorded on a Varian Model A-60 proton
resonance spectrometer. The infrared spectra were obtained on
a Beckman Model IR-10 infrared spectrophotometer.

Starting Materials. Olefins.—1-Pentene of 999, minimum
purity was obtained from the Phillips Petroleum Co. The 1,3-
butadiene used was a Matheson product of +95% purity. Allene
of 98.9% purity (glpe analysis) was also obtained from Matheson.

Dialkylthiophosphoric Acids.—The diethyl hydrogen phos-
phite, a Matheson product, and the diisopropyl hydrogen phos-
phite from Virginia Chemicals, employed in the syntheses of the
thiophosphoric acids, were distilled prior to use.

0,0’-Diethylthiophosphoric Acid.—The corresponding sodium
salt was prepared by the addition of sulfur to sodium diethyl
hydrogen phosphite according to Foss.?* It is a white, hygro-
scopic solid of mp 214-215° (1it.® 181°). The salt was dissolved
in water and the free acid was generated on acidification with
3 equiv of concentrated HCl under ice cooling. The O,0’-
diethylthiophosphoric acid was then extracted from the aqueous
solution with ether and dried over anhydrous magnesium sulfate.
Removal of the ether afforded the O,0’-diethylthiophosphoric acid
as a tan liquid of approximately 909 purity on the basis of its
nmr spectrum. This acid was used for the addition experiments.
Fractional distillation afforded a pure sample of the acid: bp
79° (0.18 mm), n®¥p 1.4711 {lit.?® 92-94 (0.5 mm), n®p 1.4719].
There was no apparent difference observed between the reactions
of the distilled and undistilled acid. On titration of the distilled
acid in ethanol with 0.1 ¥ aqueous NaOH, using phenolphthalein
as indicator, 1 equiv of base was consumed. Nmr parameters are
given in Table II.

(18) T. A. Mastryukova, Khim. i Primenenie Fosfororgan. Soedin., Akad.
Nauk SSSR, Kazanak. Filial, Tr. 2 Konf., 1969, 57 (1962).

(19) O. Foss, Acta Chem. Scand., 1, 8 (1947).

(20) P. 8. Pishchimuka, J. Russ. Phys. Chem. Soc., 44, 1406 (1912).
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Anal. Caled for C;H,;OPS: C, 28.23; H, 6.47; S, 18.82.
Found: C, 28.33; H, 6.32; 8, 19.25.
0,0’-Diisopropylthiophosphoric Acid.—The free acid was
prepared directly by the addition of sulfur to diisopropyl hydro-
gen phosphite in dioxane according to the method of Kabachnik
and Golubeva.® The yield (81%) of crude product was com-
parable to those reported (80-92%,). However, nmr analysis of
our product indicated 15-209 of impurities which could not be
removed by distillation. Purification of the acid was accom-
plished through its sodium salt employing a method previously
used in the case of dialkyldithiophosphoric acids.'* The im-
purities removed by this procedure were of a ‘‘neutral’”’ nature.
Glpc analysis showed the starting hydrogen phosphite in addition
to three unidentified components. The O,0’-diisopropylthio-
phosphoric acid obtained was essentially pure based on its nmr
analysis and was used as such for the addition experiments. A
sample was distilled for elemental analysis and other physical
measurements: bp 79-81° (0.15 mm), n®p 1.4589 [lit.2 90° (1.5
mm), n%p 1,4600]. Nmr parameters are recorded in Table II.

Anal. Caled for CeH3:0:PS: C, 36.35; H, 7.63; S, 16.17.
Found: C, 36.29; H, 7.13; 8, 15.91.

General Procedure for the Addition of O,0’-Dialkylthiophos-
phoric Acids to Olefins.—A magnetically stirred mixture of the
thio acid and olefin in a sealed quartz tube was irradiated with a
100-w medium-pressure Hanau mercury immersion lamp for
30-40 hr in a water bath at 16 = 3°. The liquid 1-pentene was
allowed to react under a nitrogen atmosphere. The gaseous 1,3-
butadiene and allene were condensed into Dry Ice cooled, evacu-
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ated tubes containing the thio acid and then allowed to react in
the liquid phase under their own vapor pressures. After com-
pletion of the irradiation, the tubes were opened and the mixtures
were sampled for semiquantitative analysis by nmr spectroscopy.
Then the remaining material was diluted with ether and washed
with 5%, aqueous solution of sodium hydrogen carbonate to re-
move any unreacted acid. The ether phase was dried over anhy-
drous magnesium sulfate and then concentrated using a rotary
evaporator at 10 mm and room temperature to remove the sol-
vent. The residual crude product was then weighed and analyzed
by a combination of glpec and nmr techniques. Part of the
product was purified by fractional distillation at 0.1-0.25 mm
for analyses. This was frequently accompanied by a partial
decomposition yielding considerable amounts of undistillable
residue.

Registry NO.—09H2103PS, 995-51-7, C11H2503PS,
10428-93-0; C.H;,0,P8, 10428-94-1; C;,H,, O3PS, 10428-
95-2; C7H1503PS, 10428-96—3; CQHlQOSPS, 10428-97-4;
0,0’-diethylthiophosphoric acid, 2465-65-8; 0,0’-di-
isopropylthiophosphoric acid, 10428-99-6; in Table II
where R’ = CH,CH; and R = C,H;, 1186-09-0.

Acknowledgment.—The authors wish to thank Mr.
W. C. Whitlock for excellent technical assistance and
Dr. R. V. Moen for interpreting the nmr spectra.

Arylnorbornane Compounds.
and Derivatives.

III.

Preparation and Properties'?
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Preparations of the four isomeric 3-phenyl-2-norbornanols are described with particular emphasis on the routes

to the more difficultly accessible exo-phenyl alcohols.
peared to be the best method for preparing these latter alcohols.

Reduction of 3-exo-phenyl-2-norbornanone (VIII) ap-

Analyses of the infrared and nuclear magnetic

resonance spectra are discussed in detail with emphasis on the observable effects of the 2 and 3 substituents.

Two possible mechanisms for the reaction of 2-
phenylnorbornene (I} with performic acid to give
the carbonate (II),® the result of a “cis”’ epoxide ring
opening, involve (a) endo-phenyl participation at the
3 position followed by reaction of formic acid at C-3

+ 2HCO,H—

P

0,
0

Ph
II

from the exo side, a double-inversion process which
leads to retention of C-3 configuration;* (b) stereo-

(1) Grateful acknowledgment is made to the National Science Founda-
tion for a research grant (NSF-GP-1574) which supported a large part of this
work.

(2) For parts I and II, see (a) D. C. Kleinfelter and T. E. Dye, J. Am.
Chem. Soc., 88, 3174 (1966); (b) D. C. Kleinfelter, E. 8. Trent, J. E. Mallory,
and T. E. Dye, ibid., 88, 5350 (1966).

(3) D. C. Kleinfelter and P. von R. Schleyer, tbid., 88, 2329 (1961).

selective exo addition of formic acid to the tertiary car-
bonium ion at C-2, a mechanism similar to that of-
fered by Brewster® for configurational retention in
styrene-type epoxide openings.

In order to gain insight on the possibility of mecha-
nism a and because we were interested in the geo-
metrical requirements for aryl participation, we wished
to find a norbornyl system whose solvolyses might in-
volve a phenonium ion intermediate of the type
postulated for acyclic systems. In addition, we desired
to determine the relationship of dihedral angle be-
tween an aryl and another functional group on the
spectral properties observed by infrared and nuclear
magnetic resonance (nmr) spectroscopies. This pres-
ent paper discusses the methods of preparation and
characterization of the four 3-phenyl-2-norbornanols
and their tosylate and p-nitrobenzoate derivatives.

Methods and Results

The two 3-phenyl-2-norbornanols with endo-phenyl
substituents III and IV are readily available by hy-
droboration of I® and by hydride reduction of 3-endo-

(4) For example, see R, C. Cookson and J. Hudec, Proc, Chem. Soc., 24
(1957).

(8) J. Brewster, J. Am. Chem. Soc., 78, 4061 (1956).

(6) C.J. Collins, Z. K. Cheema, R. G. Werth, and B, M. Benjamin, 1bid.,
86, 4913 (1964).



