1456 J. Org. Chem., Vol. 43, No. 7, 1978

Notes

Allylic Deuteration and Tritiation of Olefins
with N-Sulfinylsulfonamides

Tetsuo Hori, Stephen P. Singer, and K. Barry Sharpless*

Departmen' of Chemistry, Massachusetts Institute of
Techno'ogy, Cambridge, Massachusetts 02139

Received June 22, 1977

Recently, we have explored the synthetic applications of
the reactions of both bis(N-p-toluenesulfonyl)selenodiim-
ide!-3 and bis(N-p-toluenesulfonyl)sulfodiimide.*> These aza
analogues of Se(y and SO, are powerful enophiles in their
reactions with olefins and eventually result in the formation
of allylic sulfonamides. Kresze and Schénberger indepen-
dently discovered that the sulfur diimide species effect allylic
amination of olefins.® We now report that the ene reaction’
of the related monooxo compounds, the N-sulfinylsulfona-
mides,? is reversible under mild conditions and that this re-
versibility can be exploited to specifically introduce deuterium
(or tritium) into the allylic position of an alkene.

When 1.1 equiv of 1 was stirred with 3-pinene in benzene
for 3hat 25 °C, a 1:1 adduct, the N-tosylsulfinamide 3, was
isolated in 89% yield (Scheme I). However, upon standing in
moist air at room temperature for a few days or upon strong
heating (>150 °C), 3 was found to decompose with the liber-
ation of 3-pinene. When 3 was refluxed in benzene, no change
occurred until ar. excess of HyO was added which resulted in
the formation of 3-pinene and p-toluenesulfonamide. The
observed behavior is consistent with a reversible ene reaction.
However, initial hydrolysis of the allylic sulfinamide adduct
to an allylic sulfinic acid, which then undergoes retroene re-
action, is another possibility.

When the H,0 was replaced by D20, exchange of the acidic
N-H proton followed by retroene reaction led to the incor-
poration of a deuterium in the allylic position. In the case of
B-pinene (Scheme II), the recovered material was 86% d, and
14% dg with the deuterium being introduced trans (>97%) to
the dimethy! briclge as shown by 2H NMR?19 and confirmed
by the loss of the deuterium upon oxidation with SeO; to
trans-pinocarvecl.!! These results are similar to the stereo-
specific retroene reaction of the deuterated adduct of 3-pinene
and methyl phenvl glyoxylatel® with the exception that in the
present case much lower temperatures are needed.

Table I shows the results for the allylic deuteration of a
variety of olefins. Generally, the olefins were recovered in
yields greater than 50% and greater than 75% monodeuterated.
It was not necessary to isolate the initial ene adduct. It should
be pointed out that the reaction is not general since some cy-
clic olefins as well as electron-poor or hindered olefins are poor
substrates for this system. Among the compounds which failed
to form an isolanle ene adduct were cyclohexene, 4-tert-
butylcyclohexene, A2-cholestene, cholesterol, and a-pinene.
Under forcing conditions, 4-tert-butylcyclohexene gave
tert-butylbenzene in good yield.?

[-Carvone is the only example in Table I of an olefin with
exchangeable protons. Exchange of the crude deuterated
product with ethanolic NaOH at 60 °C for 3 h gave [-carvone
that was >75% d;. NMR integration indicated that the deu-
terium was located in the vinyl methyl group (although Bichi
and Wiiest!3 have shown that the major product of SeQs oxi-
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dation of {-carvone is the racemic tertiary allylic alcohol). In
support of the proposed location of the deuterium, the initial
1:1 adduct was found to have the structure 5.15 In addition,
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there was no loss in the optical activity of the recovered deu-
terated [-carvone. During the reaction, some aromatization!?
of the I-carvone to dehydrocarvacrol (2-methyl-5-isopro-
penylphenol) occurred.

Of course, alkenes can be tritiated in the same manner using
T0 in place of D0. As shown in Scheme ITI, a-methylstyrene
with a specific radioactivity of 0.8 mCi/mmol was isolated
when 2 mmol of its crystalline adduct 5 was refluxed for 20 h
in 5 mL of benzene containing 0.1 mL of T;0 (1 Ci/mL).
Correcting for the 2 mmol of protons introduced with the
adduct 5, the specific activity of the medium was 7.7 mCi/
mmol of H*. Therefore tritium was incorporated into the
olefin at a specific radioactivity 10% that of the reaction me-
dium. This calculation is based on the notion that only one
allylic hydrogen is available for exchange. This would be true
if the N-sulfinylsulfonamide (TsN=8=0) hydrolyzed as it
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Table 1. Allylic Deuteration of Alkenes
Deuterium
Case Olefin Registry no. Reagent? Producte Registry no. incorporation? Recovery®
1 B-Pinene 127-91-3 1.2 TsNSOe D 65025-52-7 14% d, 59%
86%d,
2 B-Pinene 2 MsNSOf 923: gf 51%
O 4% d,
I
S CNHTe
3 NHT 64976-20-1 4%d, 78%
95% d,
3%d,
1-Dod 112-41-4 3 TsNSO R 64976-21-2 4% d, 46%
4 odecene /\( 93% 4.
D 2% d,
R
5 Citronellol 55915-70-3 2 TsNSO 64976-22-3 11% d, 68%
methyl ether 87% d,
‘ 2% d,
D
6 a-Methyl- 98-83-9 1.2 TsNSO D 64976-23-4 15%d, 79%
styrene 84% d
1%d,
(Crude)(Exchanged)
7 I-Carvone 6485-40-1 2 TsNSO 0 64976-24-5 13%d, 16%d, 39%
46% d, 82%d, (After
35%d, 2% d, exchange)
RGN 6% d,
(Crude)(Exchanged)
8 [-Carvone 2 MsNSO 0 16%d, 16%d, 39%
20% d, (After
37%d, 75%d, exchange)
D 25% d,
N 2%d, 9%d,

a See the Experimental Section for all details. The location of the deuterium was determined by NMR. # TsNSO = N-
sulfinyl-p-toluenesulfonamide. 11sINSO = N-sulfinylmethanesulfonamide. The numbers refer to the number of equivalents
used. ¢ Based on starting olefin, ¢ Adduct heated in benzene/D,0 at 140 °C for 10 h (sealed tube). ¢ Registry no.: 4104-47-6.

f Registry no.: 40866-96-4.

was produced in the retroene process. However, the validity
of this assumption was challenged by the following experi-
ment: under the same conditions described above, the To0 was
replaced with 0.1 mL of D20 and this gave a-methylstyrene
which was 25% dg, 40% d1, 22% d 5, and 10% d3. Apparently,
under these conditions (much less water than is usually em-
ployed), the ene and retroene reactions are occurring several
times over before the N-sulfinylsulfonamide (TsN=8=0)
is hydrolyzed.

Although this single example of allylic tritiation was per-
formed using an isolated sulfinamide adduct, the in situ
method (in which the adduct is formed in benzene and then
D30 or Tyo is added directly to the solution of the crude ad-
duct in benzene) is much simpler and should be preferable in
most cases where allylic tritiation is desired. We have found
that the sulfinamide adducts are often too unstable to isolate.
Moreover, if one wished to allylically tritiate a few micrograms
of olefin, isolation of the adduct would not be feasible.

One consequence of the ene/retroene mechanism is the loss
of stereochemistry in the case of di- and trisubstituted olefins.
For example, reaction of either cis- or trans-5-decene with 1
followed by hydrolysis afforded the same mixture of 23% cis-
and 77% trans-5-decene. Similar results were found for (Z)-
and (E)-3-methyl-2-hexene (the recovered olefin in both cases
was 33% (Z) and 67% (£)). Control experiments showed the
olefins were stable (no cis-trans isomerization) to the condi-
tions of the retroene-hydrolysis procedure.

If a suitable 8-hydrogen is available, a side reaction in-
volving syn elimination of the allylic sulfinamide group to a
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diene sometimes competes with the retroene reaction. The
yield of diene was generally less than 15%. However, diene
formation can be made the exclusive event by obstruction of
the retroene pathway through alkylation of the nitrogen of the
intermediate allylic sulfinamides. As a particular example
{Scheme 1IV), pyrolysis (by GLPC injection) of the N-
methylsulfinamide derivative 6 (obtained in only 26% yield)
from 1-phenylcyclohexene gave a 90% yield of 2-phenyl-
1,3-cyclohexadiene and none of the isomeric diene.!* Similarly,
cyclooctene and (E)-5-decene were transformed to 1,3-cy-
clooctadiene and 4,6-decadiene, respectively.}52 This sequence
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effects symmetrical (i.e., A2-olefin — Al3-diene) dehydroge-
nation of an olefin to a conjugated diene, but this new diene
synthesis is limited by the fact that the N-methylsulfinamide
adducts are generally formed in poor overall yield.}5 In con-
trast to allylic sulfoxides,'® these derivatives have given no
indication of undergoing 2,3-sigmatropic rearrangement.!?

In summary, the reversible ene reaction of N-sulfinylsul-
fonamides represents a convenient procedure for the allylic
deuteration and tritiation of certain alkenes.

Experimental Section

All mass spectra were collected using a Hitachi Perkin-Elmer
RMU-6E mass spectrometer and the percentage of deuterium in-
corporation was calculated using standard techniques'® including
corrections for natural abundance. Kugelrohr distillation refers to
bulb-to-bulb distillation using a Bichi kugelrohr apparatus. The
temperatures reported are the air bath temperatures at which the
material distilled and are not the true boiling points.

N-Sulfinyl-p-toluenesulfonamide (1). A. This procedure is a
slightly modified version of Kresze’s.220 In a 2.0-L round-bottomed
flask fitted with a reflux condenser and a CaCls, drying tube, a mixture
of 250 g of p-toluenesulfonamide (1.46 mol, Eastman Organic
Chemicals) and 200 g of thionyl chloride (1.68 mol) in 1.0 L of dry
benzene was heated for 5 days at reflux. After cooling to room tem-
perature the solvent and excess SOCly were evaporated, first at as-
pirator pressure, then under high vacuum, to leave approximately 300
g of dark orange oil. Kugelrohr distillation in three 100-g portions gave
a total of 196 g of 1 (130~140 °C, 0.06 Torr, 62%) which crystallized
upon standing to a bright yellow solid, mp 47-51 °C (lit.8 mp 53
°C).

B. Addition of 1% N,N-dichloro-p-toluenesulfonamide?! decreased
the time needed for completion. For example, the reaction of 125 g
of TsNH; (0.73 mol) and 173 g of thiony!l chloride (1.46 mol) in 100
mL of benzene at reflux (using a CaCl; drying tube as above) was
complete in only 16 h. Evaporation followed by kugelrohr distillation
as above gave 1 in 69% yield. This modified procedure (B) represents
a great saving in time (only 16 h instead of 5 days) with no decrease
in yield. Note also that procedure B employs different proportions
of reactants and solvent than procedure A.

N-Sulfinylmethanesulfonamide (2).1° Following procedure A
above, 2 was prepared using 15.5 g of methanesulfonamide (16 mmol)
and 14 mL of SOCl, (19 mmol) in 30 mL of benzene. Kugelrohr dis-
tillation (165 °C, 0.02 Torr; 1it.8 bp 80 °C, 10~4 Torr) gave 13.9 g (62%)
of bright yellow oil.

Reaction of 1 with 8-Pinene. To a 100-mL round-bottomed flask
under anhydrous conditions containing a solution of 5.4 g of TsNSO
(24.9 mmol) in 50 mL of benzene (THF or CH3CN gave equivalent
results) was added, with stirring and cooling (ice bath), 3.6 mL of
B-pinene (22.7 mmol). After stirring overnight at room temperature,
the solution was concentrated to about one-half of its volume and
cooled. The resulting white precipitate was collected and washed with
a small amount of hexanes. After drying in vacuo, 7.13 g of 6.6-di-
methylbicyclo[3.1. [Jhept-2-en-2-yl-N-{p-toluenesulfonyl)methyl-
sulfinamide (3) was obtained (89%), mp 137-139 °C: IR (KBr) 3050
(NH), 2020 (CH), 1595, 1375 {SO2), 1320, 1185, 1165 (SO5), 1080, 1065,
860, and 815 cm~1; NMR (CDCl3) 6 9.0 (1 H, broad s, exchangeable
with D-0O, NH), 7.9--7.2 (4 H, q, aromatic), 5.60 (1 H, broad s, olefinic),
3.55 (2 H, broad s, -CHS), 2.4 (3 H, s, aromatic -CHj3), 2.2 (5 H, m,
ring -H),'1.2 (3H, 5, -CHj3), 1.0 (1 H, m, bridgehead) and 0.7 (3 H, d,
~CHj3). Upon standing at room temperature in the solid state, 14
slowly decomposed to 8-pinene and a solid residue consisting mostly
of TsNH;.

Anal. Caled for C17H93NQ3Sq: C, 57.76; H, 6.56; N, 3.96. Found: C,
57.00; H, 6.90; N, 3.80.

Allylic Deuteration of §-Pinene with TsNSO (1). A solution of
520 mg of TsNSO (2.4 mmol) in 20 mL of benzene was prepared in a
50-mL round-bottomed flask under anhydrous condition. 3-Pinene
(0.32 mL 2 mmol) was added with stirring. The reaction could be
conveniently monitored by GLPC for the disappearance of olefin
(after the removal of the adduct by passing an aliquot through a plug
of neutral alumina with hexanes). When the reaction was complete
(6 h), 2 mL of D20 (>99.7% isotopic purity, obtained from Merck
Sharp & Dohme, Ltd.) was added to the flask. After stirring at room
temperature for 15 min while fitting the flask with a reflux condenser,
the mixture was heated (oil bath at 90 °C) for 12 h (after which time
no adduct remained by TLC). The benzene layer was separated and
passed through a short column of silica gel (30 g) with hexanes (50
mL.). The resulting solution was concentrated to leave 190 mg of crude
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product which was kugelrohr distilled (90-100 °C, water aspirator
pressure) to give 162 mg of trans-3-deuterio-8-pinene (59%): NMR
(CDCl) 8 4.5 (2 H, m, =CHs), 2.35 (3 H, m, ring H), 1.9 (3 H, m, ring
H), 1.4 (1 H, d, bridgehead H), 1.25 (3 H, s, ~CH3) and 0.7 (3 H, s, -
CHa). Mass spectral analysis showed the deuterated S8-pinene to be
14% dg and 86% d;.

Allylic Deuteration of I-Carvone Using TsNSO. A mixture of
1.0 g of [-carvone (Aldrich, 6.66 mmol, [«]25p —55.6° (¢ 8.65, EtOH))
and 2.89 g of TsNSO (13.3 mmol) was stirred in 20 mL of benzene in
a 50-mL round-bottomed flask (anhydrous conditions) for 24 h. GLPC
showed no olefin remaining, so 12 mL of D20 (>99.7% d) was added
and the mixture refluxed for 7.5 h. The reaction was cooled, taken up
in ether which was washed once with H,O and once with brine, and
dried. Filtration and evaporation left 700 mg of crude oil which was
kugelrohr distilled (50-70 °C, 0.5 Torr) to give 450 mg of deuterated
[-carvone contaminated with approximately 5% dehydrocarvacrol.
Pure [-carvone, isolated by preparative GLPC (8 ft X Y in. 20% SE-30
on 45/60 mesh Chromsorb W, 150 °C) was 13% do, 46% d1, 35% d» and
6% d3, and showed little change in optical rotation ([«])%p —54.7° (¢
8.45, EtOH)).

The excess deuterium was exchanged by heating the crude deu-
terated [-carvone (250 mg) in 5 mL of 60% EtOH containing 3 drops
of 50% NaOH solution at 50-60 °C for 3 h in a 25-mL round-bottomed
flask under Ny. Extraction with hexane (washed once with HoO and
once with brine, and dried) followed by evaporation gave 240 mg of
yellowish oil which was kugelrohr distilled to give 230 mg of 10-deu-
terio-l-carvone (90%, 39% overall): NMR (CDCl3) 6 6.75 (1 H, m,
olefinic), 4.7 (2 H, broad s, =CH,), 2.5 (5 H, m, ring H) and 1.75 (5 H,
two overlapping s, -CH; and -CHD). A pure sample of 10-deu-
terio-l-carvone was collected by preparative GLPC: 16% d, 82% d1,
and 2% d, [a]?5p —55.0° (¢ 9.45, EtOH).

Allylic Tritiation of a-Methylstyrene. In a dry 25-mL round-
bottomed flask fitted with a reflux condenser and CaCl; trap, a mix-
ture of 670 mg of N-(p-toluenesulfonyl)-2-phenyl-2-propenylsulfi-
namide® (2 mmol, recrystallized from CHCls and dried in vacuo) and
0.1 mL of 1 Ci/mL T50 (100 mCi) in 5 mL of benzene was refluxed for
14 h. After cooling, 5 mL of pentane was added and the organic phase
eluted through a 7.0 X 0.5 cm silica gel column with an additional 5
mL of pentane (this removes the To0 and the p-toluenesulfonamide).
The resulting solution was concentrated to afford 120 mg of an oil
which was kugelrohr distilled (80-90 °C, water aspirator pressure)
to give 110 mg (49%) of tritiated a-methylstyrene: specific radioac-
tivity = 1.78 X 108 dpm/umol or 0.8 uCi/umol; GLPC analysis (6 ft
X 0.125 in. OV-17 on 80/100 mesh Gas Chrom Q, 70 °C) showed only
one peak which coinjected with an authentic sample. Redistillation
of the product caused no change in the specific activity. The original
100 uL of T90 contained about 11 mmol of protons and another 2
mmol of protons were introduced with the sulfinamide adduct. Thus
the 100 mCi of activity was distributed over 13 mmol of protons re-
sulting in a specific activity for the reaction medium of 7.7 mCi/mmol
of H*, The activity of the a-methylstyrene was 0.8 Ci/mmol, which
represents incorporation of tritium into the sample at a specific ra-
dioactivity 10% that of the reaction medium (based on replacement
of one allylic hydrogen). Replacement of T20 by 0.1 mL of D20 under
identical conditions and workup gave a-methylstyrene which was 25%
do, 40% d1, 22% d o, and 10% ds.

2-Phenyleyclohex-2-enyl- N-methyl- N-( p-toluenesulfon-
yl)sulfinamide. In a 50-mL round-bottomed flask with a magnetic
stirrer, under anhydrous conditions, 3.25 g of TsNSO (15 mmol) was
added to a solution of 1.0 g of 1-phenyl-1-cyclohexene (6.3 mmol,
Aldrich Chemical Co.) in 20 mL of benzene. After 36 h, the reaction
mixture was cooled in a refrigerator for approximately 1 h. The re-
sulting precipitate was collected by suction filtration (washed with
25 mL of dry pentane) and dried (1.90 g, 80% yield of 2-phenylcyclo-
hex-2-enyl-N-{p-toluenesulfonyl)sulfinamide). This solid (5 mmol)
was suspended in 40 mL of benzene and 0.80 mL of EtgN (5.7 mmol)
was added followed by 0.6 mL of dimethyl sulfate (36.3 mmol). After
2 h at room temperature, the reaction was taken up in ether which was
washed twice with Ho0, once with brine, and dried. Filtration and
evaporation left .96 g of a white solid which was purified by column
chromatography (25 g of silica gel, packed with hexane and eluted with
100 mL: hexanes, 5%; EtOAc/hexanes, 10%, 15%; 10-mL fractions).
Concentration of the appropriate fractions gave 0.52 g (26%) of the
N-methyl adduct (recrystallized from EtOAc/hexanes}), mp 160-161
°C (decomposition with evolution of gas), Ry = 0.47 (35% EtOAc/
hexanes), not very soluble in ether, benzene, or EtOAc: IR (CHCly)
2940, 1595, 1490, 1445, 1360 (S0y), 1305, 1165 (SOs), 1090, 900, and
890 em~1; NMR (CDCly) 6 7.2-7.9 (4 H), 4.15 (1 H, broad s, Ro,CHS),
2.4 (6 H, s, aromatic -CHgs and NCH3, addition of shift reagent causes
splitting into 2 singlets in ratio of 1:1) and 2.4-1.8 (6 H, m, ring H).
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Anal. Caled for CooH23sNQ3Ss: C, 61.67; H, 5.95; N, 3.60. Found: C,
61.56; H, 5.98; N, 3.64.

Pyrolysis of 2-Phenylcyclohex-2-enyl- N-methyl- N-(p-tol-
uenesulfonyl)sulfinamide. Injection of a 25% solution of the N-
methyl adduct in CH30H directly into the gas chromatograph (in-
jection port temperature 250 °C) gave (by area %) 6.4% 1-phenylcy-
clohexene, 3.6% biphenyl, and 90% diene.

The diene was isolated by preparative GLPC (20 ft X 3 in. stainless
steel, 20% Carbowax 20M on 45/60 mesh Chromsorb W at 200 °C, ¢,
= 22 min (¢ (biphenyl) = 26.5 min, ¢, (1-phenylcyclohexene) = 19 min,
collected at liquid N temperatures). The resulting oil was weighed
and dissolved in cyclohexane: UVay 279 nm (e 7500).

Some biphenyl (230 nm) was present. Both 2-phenyl-1,3-cyclo-
hexadiene (276 nm (e 8140)) and 1-phenyl-1,3-cyclohexadiene (303
nm (e 13 800)) are known.!4 Not more than 14% of the 1-phenyl isomer
can be present in the isolated samples.

Both 1-phenylcyclohexene and bipheny! were identified by coin-
jection which authentic samples. Biphenyl was isolated and found to
be identical (TLC, melting point, and mixture melting point) with
an authentic saraple.
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1955, p 642. (b) TsNCI, is also available from Pfaltz and Bauer, Inc. and
MC & B Manufacturing Chemists.
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In an investigation of the reactivity of the biologically im-
portant distal carbon atom of a model azoxyalkane, we ob-
served that la was converted, in good yield, to phenyldi-
methoxymethyldiazene (2a).2 We wanted to know if the re-
action conditions permitted the incorporation of two different
alkoxyl group nucleophiles into 2 or if alkoxyl group inter-
change (e.g., via addition to tautomer 33) would prevent this.
In so doing we wanted to learn more about the scope of this
reaction for the synthesis of compounds 2, an unusual, and
new, class of azo compound. Herein we report on the prepa-
ration, stability, and spectral properties of 2b—d, results which
apply in a practical way to the questions raised above.

The starting azoxy compound lc was prepared by the
procedure used previously for 1a,b,d.? Compounds 1b-d were
smoothly converted to liquids 2b-d by treatment with tri-
ethylamine in methanol at 25 °C in the presence of a drying
agent (see Scheme I). Conversion of 1 to 2 was 95-98% com-
plete as determined by VPC; isolated yields of 49-58% of 98%
pure 2 were obtained after silica gel chromatography. Diazene
2¢ was prepared in comparable yield by alternate routes
starting with la in 1-propanol and using triethylamine or
potassium hydroxide as bases. Diazene 2¢ was stable for more
than 1 day in refluxing 0.05 N aqueous methanolic potassium
hydroxide solution, conditions expected to hydrolyze hydra-
zone 3 should it be formed in situ. In contrast, 2¢ was quickly
destroyed in 0.03 N hydrochloric acid at room temperature.

Scheme [
|
C,,H,-,N\ (I)H
Et,N
q = | C;HN
NCH.OR CH.OH ¢ N
la,R = CH3 N==CH
b, R = C,H, AN
¢, R=n-C,H, OR
d, R = CH,CH==CH, -
CH,N
_CH:OH NCHOR
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