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ABSTRACT

PART I:+ ENE AND DIELS-ALDER REACTIONS OF SULFUR (IV) AND SELENIUM
(IV) IMIDO COMPOUNDS

Some reactions of the mono- and diimido sulfur and selenium
compounds derived from SO, and Se0, with alkenes and dienes were
explored. N-Sulfinylsulfgnamides ?i.e. 0=S=N-Ts) undergo a re-
versible ene reaction with olefins and can be used to introduce
deuterium (or tritium) in the allylic position., The correspond-
ing selenium compound (0=Se=N-Ts) gives directly either allylic
sulfonamides or alcohols with olefins, but with 1,3-dienes
yields allylic azridines as the major product. Selenium diimide
(T's-N=Se=N=-Ts) was found to react with 1,3-dienes to give 1,2-
diaminatéd products which can be rationalized by decomposition
of an initially formed (2+4) cycloaddition product. The analogous
bis-alkoxycarbonyl sulfur and selenium diimides were prepared, but
their reactivity in an ene fashion was low,

PART II: TOTAL SYNTHESIS OF 4,1~GABACULINE

d,l-Gabaculine, specific inhibitor of Y -aminobutyrate amino-
transferase, was synthesized in 6 steps in 23% overall yield start-
ing from 3-cyclohexene-l-carboxylic acid. The key reactions were
an allylic amination using TsN=S=N-Ts and the selective removal of
the N-p-toluenesulfonyl protecting group by electrolysis.

Thesis Supervisor: K.B. Sharpless
Title: Professor of Chemistry
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INTRODUCTION

One long standing problem in organic synthesis has been the
selective replacement of an allylic C-H bond by some other func-

tionality (Eq. 1). 1In view of the extensive methodology which

(Eq. 1)
ANV H 2 oA X

has been developed for the introduction, transformation and
reduction of C-C double (and triple) bonds, direct methods for
the introduction of a functional group at a specific position
relative to the unsaturation would constitute a powerful procedure
in total synthesis. Ideally, an allylic oxidation of this type
should be accomplished with the following characteristics:

1) in high yield under mild, neutral conditions 2) without shift
in position or loss of stereochemistry of the double bond 3) high
positional regioselectively in unsymmetrical alkenes and &) high
stereoselectively., However, since the reaction requires cleavage
of a relatively strong C-H gigma bond in the presence of a weaker,
more accessible pi bond, no reagent can fulfill all of these re-
quirements.

There are many reagents that do perform allylic oxidations
within certain limitations and they can be classified into two
general catezories, The first involves a direct abstraction of
an allylic hydrogen to produce some type of resonance stabilized

intermediate which upon trapping gives the observed products
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(Eq. 2), Some reagents included in this category are: 1) Chromium (VI)

X X
/VH—-—) [/VKH/?\/:I'_)/V-F/I\/ (Eq. 2)

% = rad ical‘ca'rion,anion

la,b 2¢c3;3a-e

2) Lead Tetraacetatel® ® 3) Mercuric Acetate
ba,b S5a-c

compounds

L) Peroxyesters and 5) N-Haloamides, As a particular
example, the reaction of N-bromosuccinimide, a typical N-haloamide,
with an olefin yields an allylic bromide. The key intermediate

is a resonance stabilized allyl radical which no longer has the
particular stereochemistry or regziochemistry associated with the
starting material, The result is a product mixture whose composition
depends solely on the constraints of the exact system. Neverless,
the reaction has found great use in synthesis because the conditions
are mild and the yields high, The second catezory of reagents used
for allylic oxidation is based on selenium and sulfur compounds of
which selenium dioxide is the classic example.

The use of selenium dioxide for the oxidation of an allylic
position in an alkene was first demonstrated in 1932 by Schenk and
Borgwandt,6 Just after Riley and coworkers7 fuund that Seo2 oxidizes
carbonyl compounds to alpha -dicarbonyls. Since then, the utility
and limitations of selenium dioxide as a reagent has been reviewed
by several authors,>2~®

Although the mechanism of allylic oxidation of olefins by SeO2
was a subject of controversy for many years, it has been shown
that the reaction proceeds initially by an ene or ene-type

9a,b;10c¢,d

reaction between the olefin and SeO2 (Scheme I). The
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resulting allylic seleninic acid (1) then undergoes a (2,3)
sigmatropic rearrangementloa'bi 11 to a Se (II) ester (2) which

upon hydrolysis affords the observed products. It is this sequence
of ene reaction followed by (2,3) rearrangement which accounts for
the known stereochemical and positional selectivity of this reaction.
However, this reaction suffers from low yields because of over-

oxidation and the formation of selenium containing by-products,

Scheme I

OH

O O, . _OH
| ene 2,3) ~S¢
—ene, 23], —_—
+ ge\\ I |C|) hydrolysis
NN o Se NS AN
~OH
2

Recently, it was found12 that analogs of selenium dioxide
in which the oxygens were replaced by nitrogens (3) would also
perform allylic oxidations in the same manner (Scheme II). 1In
this case, allylic N-(g-toluenesulfonyl)amines are the isolated
products, Besides the obvious synthetic utility, the advantage
of substituting imido groups for oxo groups lies in the fact
that nitrogen is trivalent. The extra group (-R) allows for
control over the reactivity of the reagent in two ways; sterically

and electronically (things that are not possible with oxygzZen) .
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The steric bulk of the -R should offer control over both the
positional selectivity in unsymmetrical olefins and the stability
of the reagent itself, Variations in electronegativity can also
be used to increase or decrease reactivity, since the ene reaction
is facilitated by electron deficiency in the enophile.9a In
practice, N-benzenesulfonyl derivatives were found to give superior
results in terms of both stability and reactivity of the selenium
diimide reagents. Generally speaking, a N-benzenesulfonylimido
group can be considered not only inherently more bulky than an

oxo group, but also its equal (or better) in terms of electron-

withdrawing properties. For example, compare the pKa's for the

following compoundsalja’b
H,0 15.7 NH3 36 Hzm-sozsa’ 10.1 H,N-Ts 10. 35
CHBOH 16.0 CHBNHTS 11. 35

The sulfonamide derivatives are all more acidic than the correspond-
ing oxygen compound. In N-tosylsulfilimines, the @(-hydrogens are
approximately 4 times more acidic than the corresponding protons

in sulfoxides (pKa -1.96 vs PK, —.h88)lu and Oae and coworkers
have shown by various physical methods that the S=N bond in

N-tosylsulfilimines is longer and more polar than the S=0 bond

15a-d

in sulfoxides. The same conclusions were reached for the
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mono-N-tosylimido analogs of sulfones, the N-tosylsulfoximines.16

Scheme 11

SeCl, + HoNTs +4Et,N _CHsC
4 2 3 \L!L) Ts,

'I\f H en

Se + = hl I

4 ~ _Se
TsN

+
C\
Se” ¢ N-
cr 8 3

N
_‘
w

2 H 4
(2,3)
TsN . S NN ”
4hyclrolysw Se
_~ s
5

Unlike the bis-N-tosylseleniumdiimide reagent12 (3,R=Ts) the
sulfur analog (bis=N-(p-toluenesulfonyl)sulfurdiimide 6) is a
well known, stable, monomeric compound whose chemistry has been
explored primarily by Kresze.l? But like the selenium reagent,
it is a powerful enophile in its reactions with olefins (Scheme III)
and in some cases, it is superior for the synthesis of allylic
sulfonamides.laa'b There are two major differences between the
gulfure- and selenium-derived reagents; the position of equilibrium

for the (2,3) rearrangement and the rate of hydrolysis of the
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S(II) vs Se(II) amides. As shown in Scheme II (for the selenium
diimide), the equilibrium is thought to lie completely on the

side of the Se(ID amide 5 which can either hydrolize directly

in the reaction mixture or when the reaction is quenched with

H,0. 1In addition, the Se(II) amide 5 can disproportionate to
selenium metal and more Se(IV) imido reagent. This accounts for

the fact that in some cases, less than 1 equivalent of 3 is

required for the best yields of allylic sulfonamides from alkenes.12
In any case, the Se(II) amide 5 cannot be isolated although similar
selenium(II) amides such as WSeNEt2 are known.19 In Scheme III (for
the sulfur diimide), the product is a mixture (as determined by nmr)
of the initial ene product 7 and the (2,3) shifted disulfenamide 8.

This mixture can be isolated and is only slowly hydrolized by water

to an allylic sulfonamide,

Scheme III

F
Ho s ne - (2,3) N~ ~NHTs
*+ i — e \
X SurTs S~NTs AN
s d 8

hydrolysis

NHTs
Q
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There are a few examples of ene reactions involving N-sulfinyl-

amines, 20

the mono-imido derivative of sulfur dioxide. In 1966,
Kataev and Plemenkevzl found that N-sulfinylaniline 9 and gB-
pinene react to give a crystalline adduct 10 from which B-pinene

could be liberated upon hydrolysis. (Egq. 3). More recently, the

o)
1 2 Il
SN of S“‘NH}S
A 3N HCI (Bq. 3)
—_— —_— + BNH
+ SO
10 2

ene adducts of N-sulfinyl-p-toluenesulfonamide (1l) with allylbenzene

or {-methylstyrene were isolated (Eq. 4).18b The parent compound of

N ﬂ S ;Z//v lSl,zNHTs
O
o’?s‘\ms (Eq. #)
= * /d_< ! }j‘(_E\NHT

this series, sulfur dioxide, does not react with olefins to give
stable adducts. In fact, if the expected adduct, an allylic
sulfinic acid (12), is independently synthesized, it immediately
decomposes to olefin and sulfur dioxide by a retroene reaction

(Eq. 5).17 However, an ene reaction does occur between methylated

Hy H 0
‘ @ [ + U (Eq. 5)
\O O
12
sulfur dioxide (generated from SbF5~CH3F in liquid S0, at -65°C)
22

and certain olefins (Eq. 6). The resulting product is an allylic

H o =+ s
\_ OM | -
CIX cr. : Cl

< OMe ~ OMe



18

methyl sulfinate. Unfortunately, the reaction is not useful due to
the strongly acidic nature of the medium,

In summary so far, allylic oxidation of olefins are generally
based on either a hydrogen abstraction from an allylic position
or by an ene reaction followed by rearrangement., The abstraction
methods generally require "hit it with a hammer" type conditions
and so suffer the consequences, whereas the ene/rearrangement

methods represent a mild, indirect way to avoid the sigma vs pi

bond problem mentioned at the beginning. The sulfur and selenium
reagents which fall into this latter category, and upon which this
thesis is based, are listed in Table 1.

Conjugated dienes represent a special class of olefins, In
the presence of activated double bonds, they undergo (4+2) cycloaddi-
tion, the well-known Diels-Alder reaction.23 The Diels-Alder
addition and ene reaction are structurally related cyclic six
electron processes, One of the main differences between them is
the way in which the bonding is maximized in the transition state

(Eq. '7).9a As a general rule, the same electronic and steric factors

H - (Eq. 7)

Diels— Alder Transition State Ene Transition State

which makes good enophiles in the ene reaction also makes them
good dienophiles in the Diels-Alder. Therefore, it is not surprising

that the sulfur and selenium reagents previously discussed form
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Table 1 (Ene Reactions of S(IV) and Se(IV) Compounds)

Compound

0=S=0

0=Se=0

0=S=N-Ts

0=Se=N-Ts

TsN=S=N-Ts

TsN=Se=N-Ts

Ene Reaction?

No

Yes

Yes

Yes

Yes

Eventual Product

Allylic Alcohols

L’%“NHTS

¢
N\S,NTS
) —
. NN
S\NHTS.

Allylic Sulfonamides
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Diels-Alder cycloaddition products with 1,3 dienes.

In 1968, Mock and McCauslandzua showed that reaction of

selenium dioxide with 2,3-dimethylbutadiene gave a (4+2)

cycloaddition product (Eq. 8), rather than the previously

proposed cyclic selenone.zua This is in contrast to the sulfur

dioxide addition to dienes where 5-membered cyclic sulfones are

g), 2oa~d

known to be formed (Eq. Diels-Alder adducts of both

—0

P /
R

+ sé'(
\
\ //O
| - Se\
/7 Yo (Eq. 8)
~ _0 \,/O
+ S< —3 SQ\
. ~o _/ O

20, 26a,b and bis-N-sulfonylsulfurdiimidesl?' 26a

N-sulfinylsulfonamides
are known (Eq. 9). As expected, hydrolysis of the adducts yields

N-alk-3-enylsulfonamides through the mechanisms shown. A summary
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hyrolysis

H or “OH NHTs (Eq. 9)
\ <

~ N

Ts

i-i_ EI’ Diels C H or OH NHOTS refrgene? HETS
Alder &= :

S % OH N

Ts
~ZNd Dlels
+ 1l
" S\\ Alder

of the Diels-Alder reactions of the above compounds is shown in
Table 2.

Examination of Tables 1 and 2 show that ene and Diels-Alder
reactions are not known for all compounds that can be derived
from sulfur and selenium dioxides by successive replacement of
the oxo groups by N-Ts imido groups. It was the purpose of this
work to explore the unknown chemistry of these species and apply
the findings toward the development of useful synthetic procedures,
In addition, imido groups substituted with groups other than sulfonyl

were investigated,
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2(Cycloadditions of S(IV) and Se(IV) Compounds)

0=Se=0

0=S=NTs

0=Se=NTs

TsN=S=NTs

TsN=Se=NTs

(4+2) Cycloaddition?

No

Yes

Yes

Yes

Eventual Product




23

RESULTS AND DISCUSSION

Reactions of N-Sulfinylsulfonamides

The work in this section was done in conjunction with
Dr. Tetsuo Hori. For the sake of completeness, all results and
experimental details will be reported in this thesis, with
appropriate references to the particular experiments performed
by Dr. Hori.

N-Sulfinylsulfonamides such as 11 or 13 are thermally stable

0=S=N-Ts 0=S=N-Ms

u 1

yellow solids, and are prepared by the reaction of a small excess
of thionyl chloride with dry sulfonamide in benzene at reflux.20
When the reaction is complete,27 the solvent is removed under
reduced pressure and the resulting yellow oil distilled. Yields

are usually between 60-70% on a 100g-250g scale. Although
N-sulfinylsulfonamides are moisture sensitive and should be stored

in a dessicator, the reaction with atmospheric moisture is sufficiently
slow that they can be weighed out quickly in air without special

precautions,

When 1.1 equivalent of 11 was stirred with 1 equivalent of
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JE-pinene in benzene under anhydrous conditions and cooled slightly
for 10 minutes, the N-tosylsulfinamide 14 was isolated in 89%
yield by filtration (Eq. 10). The reaction was found to be revers-
O
T
A . (Eq. 10)
=

14

ible since glpe injection (>200°C) of 14 gave ﬁ-pinene. ﬁ-Pinene

was also recovered when a solution of 14 was refluxed in benzene

in the presence of excess water; the other product under these

conditions was p-toluenesulfonamide formed by hydrolysis of 11,
Allylic sulfinamides such as 14 can be envisioned as valuable

synthetic intermediates. One possiblity involves the hydrogens

alpha to the sulfur which should be acidic aqd therefore removable

by strong base. Corey and Durst have shown that sulfinamides

such ag 15 can be dilithiated by alkyllithium reagents at -78°C and

react cleanly at the more reactive carbon with various electrophiles

(Eq. 11)28a-c

o) 0
i . g il

CH_S-NH 2 RLi s LiCH,S, 525 1_RX | RCH_S\ 1
3 # THF ! 27N 2 HO 2 nhg (e 11)
15 -78°C L

As shown in (Eq. 12), alkylation of the dianion of 14, followed by
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a retroene reaction would yield the synthetic equivalent of a

vinyl anion. In practice, this approach failed.29

q + 1 i
SSNHTs M g\vas R~ SSNHTs R
2 RM M) RX retroene (Bq, 12)
2) H,O

Allylic S(IV) species exist in equilibrium with the correspond-

30a-¢ 15 the cases of both allylic

ing (2,3) shifted isomers,
N-sulfonylsulfinamides and allylic phenyl sulfoxides, the equilib-

rium lies almost entirely to the right (Eq. 13). Since it has been

o~ S’?! o ] OH
L —t L,n —rEiy ]/\ + xsg
N S\ﬂﬁ X H NS (EQ- 13)

shown that rearranged allylic alcohols are formed from allylic

30c similar

phenyl sulfoxides in the presence of trapping agents,
methods were examined for 14. Among the reagents tried were
EtzNH. EtzNH—H01. Adzo. various trivalent phosphorus compounds,
thiols, thioacetic acid and HgClz. In all cases,‘é—pinene but no
allylic alcohol (or sulfonamide) was found.

The N-H hydrogen in the ene adducts (i.e. 14) is exchangeable.
If this proton is replaced by deuterium with excess D,0, the

retroene reaction should introduce a deuterium only in the allylic

position. This would constitute a method for direct allylic
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monodeuteration of an alkene, The introduction of deuterium

into an organic molecule is an area of interest since labelled

compounds are very useful as mechanistic probes.31
When a solution of 14 was refluxed in benzene containing

excess D,0, the p-pinene that was recovered was 86%d1 and lb%do
(isolated 14 under the same conditions gave Z%do. 95%d1 and j%dz).

(Eq. 3). As expected, the reaction was stereospecific with the

S\N/TS S\N/Ts
\\‘D
t
+11 _retroene,
(Eq. 3)

deuterium being introduced exclusively trans to the gem-dimethyl
bridge.32 These results and yields are similar to the stereospecific
retroene reaction of the deuterated adduct of ﬁ-pinene and methyl

phenyl glyoxylateaja as shown in (Eq. 14).

#-cco,cH, P CO,CHy B ACO,4CHg
o) OH oD
D
ey ____9_2_9_9 __A__) s (Eq. 14)

Table 3 shows the results for the allylic deuteration of a
variety of alkenes, Generally, the o;efins were recovered in
yields >50% and> 75% monodeuterated in the allylic position
depending on the structure and reactivity of the starting material.
Except for case (3), the initial ene adducts were not isolated
before addition of D,0. It gshould be pointed out that the

reaction is not general for all cases because N-sulfinylsulfonamides
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Table 3 (Allylic Deuteration of Alkenes)

N > 1 Deuterium 1 3
Case Olefin Reagent Product Incorporation Recovery

1 g‘Pinene 1.2 TsNSO Eé;;ﬂm 14% d, 59%

86% dy
2 p_-Pinene 2 MsNSO . 3% d
94% dy 51%
i e
5"'NHTs n
S -
95% d; 78%
3% d,
= R
n 1-Dodecene 3 TsNSO /\/ 4% 4,
P 93% dy 6%
2% d,
R
5 Citronellol 2 TsNSO (J[; 11% d,
Methyl Eth
lethy er D 87% dl 68%
2% d,
D
6 & -Methyl- 1.2 TsNSO d’ 15% a,
styrene 84 dl 79%
1% d2
o (Crude) (Exchanged)
7 1-Carvone 2 TsNSO
13% 4, 16% dg 39%
b 46% d 82% d (After
1 1 Exchange)

35% 4, 2% d,
6% dq
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Table 3 (Continued)

b > 1 Deuterium 3
Case Olefin Reagent Product Incorporation Recovery~
o (Crude) (Exchanged)
8 l-Carvone 2 MsNSO 16% a, 16% a, 39%
20% 4 (After
D 1 Exchange)
37% d, 75% dy
25% d3

2% dy 9% d,

Footnotes for Table 3

1) See the experimental section for all details concerning the
reactions, the recovery and identification of products and

the calculations of deuterium content.

2) TsNSO = N-sulfinyl-p-toluenesulfonamide. MsSNSO = N-sulfinyl-
methylsulfonamide., The numbers refer to the number of

equivalents used,
3) Based on starting olefin

4) Cases 1-6 were performed by Dr. T. Hori
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are only moderately powerful enophiles, Cyclic olefins as well as
those that are electron poor or hindered are poor substrates for
this system, Among the compounds which were not reactive are
cyclohexene, 4-t-butylcyclohexene, Az-cholestene,:g-pinene and
cholesterol. Under forcing conditions (refluxing benzene),
L -t-butylcyclohexene gave t-butylbenzene in good yield.29 Kresze
has also noticed aromatization in the reaction of the related bis-
N-p-toluenesulfonylsulfurdiimide with certain olefinsa.:a'ua
1-Carvone deserves special mention since it is the only
example in Table 3 of an olefin with exchangeable protons.
Exchange of the crude deuterated product with ethanolic NaOH at
60°C for 3 hours gave l-carvone that was>75% dl( 90% recovery).
Nmr integration indicated that the deuterium was located in the
vinyl methyl group, although Buchi and Wﬁestjnb have shown that

the major product of SeO2 oxidation of carvone was the optically

inactive hydroxy ketone 13,

O S0, O @] OH
) + +
EtOH
reflux
“"OH O
15 A

Since there was no loss in the_Bptical activity of the re-isolated

l-carvone, the deuterium cannot be located in the ring. Recovery
was high even though there was some aromatization (between 5-10%)
to dehydrocarvacrol (2-methyl-5-isopropenylphenol).

In the same manner, alkenes can be tritiated by use of

T20 in place of DZO' For example, -methylstyrene with an activity
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of .8 uCi/umole was isolated (47%) when 2 mmoles of its crystalline
adduct 16 was refluxed for 20 hours in 5 ml benzene containing .1 ml
T20 (103 m Ci/ml for a total activity of 7.7 uCi per mole of avail-
able protons) (Eq. 15). This represents an incorporation of

approximately 10% of the total activity into the olefin. Use of

T,0
S/\P W . (Eq. 15)

.1 ml D20 under identical conditions gave £-methylstyrene which
was 22%do. ho%dl, 22%d, and 10%d3. These results indicate that
under these conditions the ene and retroene reactions are occurring
many times over before the N-sulfinylsulfonamide is hydrolized,

One complicating factor in the utility of this reaction is
the loss in stereochemistry for di- and tri-substituted olefins.
This is the outcome of the shift in double bond as well as the
steric requirements in the transition states during the ene/retroene
reactions. When the adduct of 11 with either (E)- or (2)- 3-methyl-

2-hexene is refluxed for 24 hours in benzene/water, the same 33%

(2)/67% (E) mixture is observed (Eq, 16)., Similar treatment of

(E) \ [Adducf]_m +p (Eq. 16)
,/’////a E)

(E (Z)
|
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either cis- or trans-5-decene gave the same 23% cis/77% trans

mixture. (Eq. 17). Control experiments in both cases showed

RONARE 1—\ —
[Adduct:l—-————-} R/%/R + _R (Eq. 17)

R
R R = 77% 23%
R=CyHg
the olefins to be stable under the reaction conditions, Recovery
yields are generally less than 80%. One reason for this is that
when a suitable{}-hydrogen is available, elimination to a diene
(Eq. 18) competes with the retroene reaction. The yield of diene

products usually are less than 15%, Whether the elimination is

A
/"§;/J\1,H - AR +1%0—5_NHTﬂ (Eq. 18)
a syn elimination as is the case for the phenylsulfoxidesBSa and

phenylselenoxidesjsb or a ElcB type elimination is uncertain,
Preliminary results indicate that mixtures of geometrical isomers
occur where possible.35 It is interesting to note that allylic

30c 10b, 35c only undergo

phenylsulfoxides and phenylselenoxides
(2,3) rearrangement when possible, not elimination as in this
case,

The retroene pathway can be removed from N-tosylsulfinamides
by alkylation of the nitrogen, thereby causing the elimination

to diene to predominate (Table 4). Aklylation of the nitrogen in
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Table 4 (Pyrolysis of N-Methyl-N-Tosyl Allylic Sulfinamideslz

Method of Yield Yield

Case Olefin Product (g;eldz) Pyrolysis Diene Qlefin
Qa7 CH3
~Ts
1 t-5-decene AN A 67% 144
C4H9 C3H7(46%)
B 72% 3%
O\ /CH3
/ﬂ§§;:i:htMs
2 t-5-decene C.H A L2z 5%
ol CaH,(49%)
B 46% 16%
© cn,
S—N\
3 Cyclooctene Ts A 11% 15%
(34%)
B 75% 15%
/Ts
N~CH 3
4 l-phenyl-l- < 3 B 6% 5%
cyclohexene N (26%) m
O c 90% 6%

4

Footnotes for Table 4

1) See experimental section for all details concerning the preparation
of starting materials, the pyrolysis and isolation and identification
of the products.

2) Yields are isolated material based on starting olefin., They are
not maximized nor corrected for recovered olefin.

3) 61% Biphenyl was also recovered,

4) 4% Biphenyl was also recovered,
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N-tosylsulfinamides can be accomplished either by EtBN and di-
methylsulfate in benzene or by tetramethylammonium hydroxide and
methyl iodide in DMF, Diazomethane is unsuitable since in some
cases, O-methylated products are formed. The location of the
methyl group on nitrogen was determined by hydrolysis of the
methylated derivative of 14 to give N-methyl-p-toluenesulfonamide
(Eq. 19). Three methods of pyrolysis were used for the methylated

derivatives (see Table 4); sealed tube in benzene at 150°C (method A),

9
S\N/TS

~
CH3 _
Et;N, Dimethyl Sylfate, OH ;CH3\
—) } NTs
Benzene H”

(Eq. 19)

destructive kugelrohr distillation at 150-175°C under N, (method B)
glpc injection (method C). 1In all cases examined, some starting
olefin was produced along with the diene. The origin of the olefin
is not known.

This method is the synthetic equivalent of dehydrogenating

an olefin to a symmetrically expanded diene (Eq. 20). Experimental

R\v,z<§§,/~\R — R\<59~\<¢;A\R (Eq. 20)

proof of this was found by pyrolysis (by either method B or C)
of the N-methyl adduct derived from l-phenyl-l-cyclohexene (case
4 in Table 4). purification by preparative glpc and UV analysis

showed the diene to be the expected 2-phenyl--1,3-cyclohexadiene.37
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None of the altermative l-phenyl isomer3? was detected (mimimum
detection limit 14%). Unfortunately, because of low overall ylelds,
the formation of product mixtures and the low reactivity of some

olefins with N-sulfinylsulfonamides, this is not a practical synthetic

method.

Reactions of 0=3e=N-Ts with Alkenes and Dienes

Although N-sulfonylsulfonamides are well-known and stable
compounds, the isolation or properties of the analogous selenium
compounds such as N-seleninyl-p-toluenesulfonamide 17 have never

been reported. 1In fact, only two examples of seleninyl type

O0=Se=N-Tsg

17

are known. Oxidation of the selenoketone 18 gave di-t-butylketone
and selenium metal as the only products. The likely intermediate in

this reaction is di-t-butylselenine 19 (Eq. 21)?8 Under the same

O
1 )
Se Se 'e)
Ox —~Se"
DR XN =500 o
18 19

reaction conditions, the corresponding thiocarbonyl gave di-t-

butylsulfine, which is stable and can be fully characterized,
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0ae39 has synthesized the selenium (IV) imido compound 20 and found

it to be a fairly stable, crystalline compound. In addition, alpha-

NTs

-

s
S

s’

20
carbonylselenines have been postulated as transient intermediates

Lo

in the oxidation of ketones by SeOz.

Conceptually, the most direct route for the preparation of 17
is the reaction of selenium oxychloride with p-toluenesulfonamide
in the presence of 2 equivalents of base (Eq. 22). When this was
X

|
/Se\ + H,NTs

Pen E
. -3 f3oN y . Se _ +2HNEr.Cl  (Eq. 22)
¢l i —10 to 0°C o) NTs 3

done at temperatures greater than -10°C in either methylene chloride
or THF under strictly anhydrous conditions, a yellow-orange solution
or suspension (depending on exact reaction conditions) resulted.
The solution was not stable indefinitely since prolonged standing
caused the precipitation of red selenium metal. No attempts were
made at the full characterization of the above solution and it was
generally used as formed.

Addition of citronellol methyl ether (21) to a solution of
"17" at -10°C caused an immediate, slight by exothermic reaction
and after a few hours, the formation of red selenium metal. Basic
aqueous workup and purification by chromatography gave an allylic

sulfonamide 22 as the major product (53%) along with approximately
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14% of a selenium-containing product 23 as well as a trace of

g,g-unsaturated imine (Eq. 23). No allylic alcohol was formed.

1
(El/' f(j\) a2
NHTS
I

This can be compared with the selenlum diimide reagent which yielded

2]

58% 22 and 7% 23 from g;. Reaction of 21 and selenium oxychloride
along under the same conditions gives a mixture of isomeric allylic
chlorides and some 23 as the main products (Eq. 24).29 It is very

unlikely that 22 arises from the reaction of allylic chloride mixture

Cli
CH,Cl, Y

0°c L}
with p-toluenesulfonamide. The selenium-containing compound 23,
which can also be isolated from Se0, oxidation of 21, could not be
characterized. It seemed to be (by nmr) a mixture of mono- and
diselenides containing some of the 1,3-shifted isomers.
Addition of ﬁ—pinene to "17" prepared in the same manner gave

trans-pineneol (24) as the major product (Eq. 25).' Only small

amounts of allylic sulfonamides 25 and 26 were formed.

NHTs
@\\lOH ®‘\\NHTS é (Eq- 25)
+17 — + +
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Although none of these experiments demonstrate definite proof
for the existence of 17 as such, the observed products can be explained
by an initial ene reaction of 17 with the olefin., The intermediate
allylic Se(IV) species could exist in either of two forms which are
interconvertible by proton transfer, If the ratio can be influenced
by steric factors, then it is reasonable that different olefins give

different products as in the case observed.

H o
+  s¢ 17
NS Y NTs

Since the reaction of "17" with alkenes did not seem to offer
any significant advantages over the existing methods for allylic
oxidation, this aspect was not pursued further,

In an effort to determine if monomeric species such as 17 were
actually present in solution, trapping experiments with dienes were
performed. By analogy with N-sulfinylsulfonamides, a normal Diels-

Alder (2+4) cycloaddition adduct between the diene and the more

more polar Se=N bond (such as 27) was expected.
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When 2,3-dimethylbutadiene was added to a solution of "17" in
methylene chloride at -10° ¢, an immediate reaction took place.
Aqueous workup gave a complex mixture from which three ma jor products

were isolated by chromatography (Eq. 26). The yields shown are for

A

2
\  / Se NHTs s
>__< + 17— = + = + HN (Eq. 26)
HO NHTs /
28 29 30

(4%) (107 (15%)

isolated material. While the structure of 28 and its acetate
derivative were evident from the spectral data, (compounds 28 and

29 are thought to possess the stereochemistry shown, but the lack

of the other possible isomers prevent definite assignment at this time),
the structures of compounds 29 and particularly 30 were not certain
from the spectra above,

Reduction of 29 with NaBH, in EtOH (typical conditions for the
reduction of a diselenide to its sodium salt) and addition of benzyl
bromide gave the benzylated selenide 31, while Raney-Nickel reduction
in refluxinz EtOH gave N-tosyl-2,3-dimethylbutylamine (32). These

reactions are shown in (Eq. 27). The azirdine ring of 30 was strongly

NaBH,4,EtOH i >—<
H__ . 4 20 Ra—Ni R (Eq. 27)

Se_\p‘/ ﬂ‘\Br

31 ; 32

indicated by ir and nmr which showed an isopropenyl group but no N-H
or 0-H. (The ms of 30 had a strong molecular ion peak at Mt 251

(2,3-dimethylbutadiene + N-T9 and peaks at 236 (M-15), 155 (Ts) and
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96 (base peak)). Hydrogenation of 30 with Adam's catalyst and 5
pP.sS.i, hydrogen in EtOAc gave a quantitative yield of 32 identical

in all respects with an authentic sample (Eq. 28).

.
HN/ S_P_*Oz,>_< Ll >._<_ T5C‘ >—<_ (Eq. 28)
H2 NH DMF
- 32

30 1s NaOH

Reaction of 2,3-dimethylbutadiene with 4 equivalents of 17
containing 4 equivalents (excess) p-toluenesulfonamide under the
same reaction conditions resulted in a cleaner reaction giving only
one major product, the allylic sulfonamide~azirdine 33 in 42%

isolated yield (Eq. 29). Compound 33 was characterized by spectral

H
' heq 17 Ts\ N N/Ts PtO2 )__<_
» < 4 > <'/ H 4 (Eq. 29)
N\ 4eq TsNH, 2 1HN NHTs

data as well as by hydrogenation to N,N'-ditosyl-l1l,4-diamino=-2, 3=
dimethylbutane.

Obviously, any proposed mechanism for the formation of 28,
29, 30 and 33 must be speculative, but it seems likely that the
precursor for all of these products is the Diels-Alder adduct
27. One mode of decomposition for 27 is the addition of some
adventitious acidic species (HX) across the Se-N bond (Eq. 30),

This is not unreasonable since some seleninamides are readily
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s#° HX S?O d Se’x d Se
& red. i . e
| T s l AL —Sispees i 2
N ’ ! NHTs ? NHTs NHTs

S
27 34 35 29

1,2 T, 12 =

shift shlfl

hvd OH (Eq. 30)
e —
N NHTs NHTs
28

hydrolyzed.l9 The reductionul

of the ring-opened Se(IV) ester 34

to the Se(II) ester 35 followed by disproportionation42 leads to

the diselenide 29, A competing 1,2 shift35b of 27 would result in,
after hydrolysis of the initially formed 36, the formation of 28,
The ester 36 might also be the source of 30 by an intramolecular Sn2'

type reaction (Eq. 31).

Vel
35 — o
| H — N-Ts+ Se0 +X (Eq. 31)
/ﬁ\
Ts

36 30

An alternative mechanism for the formation of 30 is a rearrange-

ment of 27 to the azirdine-episelenoxide 37 (Eq. 32) in the same
I'//FIJ —> | _NTs ——— 30+'se0 (Eq. 32)

manner that the Diel-Alder adducts of dienes and singlet oxygen

rearrange to diepoxides when heated (Eq. 33%“3 The episelenoxide
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00

(Eq. 33)

mizht be expected to decompose to olefin and "Se0" in analogy to the
known thermal elimination of an episulfoxide to olefin and sulfur
monoxide.mL The "Se0" can either disproportionate as does sulfur
monoxideu5 or act as the reducing agent in (Eq. 30).

In the case of 33, the excess sulfonamide most likely exerts its
influence on the reaction by facilitating the cleavage of the initial
adduct 27 (see next section). Although there is no experimental
proof, the allylic sulfonamide 33 probably results from the action
of excess 17 on the primary product 30.

The reaction could not be extended to other dienes. Reaction

of 1,3-cyclohexadiene with 17 only gave a complex mixture of selenium-

containing compounds.

Reactions of Selenium Diimide with Dienes

As previously mentioned, the addition of alkenes to a solution
of selenium (IV) diimide results in the eventual formation of
N-substituted allylic amines.12 The required diimides can be
generated in two ways. If 2 equivalents of an primary amine are
added to one equivalent of SeClu in the presence of 4 equivalents

of base, a yellowish suspension thought to contain the selenium (IV)
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diimide results (Eq. 34). For R=Ts, an alternative method is the

SeCl, + 2H,N—R - 3 R_NcSEQ.N_R + 4 HBCI (Eq. 34)

R=1t—butyl
=Ts
oxidation of grey selenium metal with chloramine-T (38) in methylene

chloride (Eq. 35). The resulting white suspension is more stable

. Mo
ot 5 Se
Se +C|/N—§©— ) TsN{' ‘\NTs + 2NaCl (Eq. 35)

38 39
than the reagent derived from SeClu and is superior in terms of

ease of preparation and overall yield. However, in neither case is
the actual reactive species known. 1In an attempt to trap the proposed
monomeric intermediate 39, dienes were added in the hope of forming

(4+2) adducts such as 40 (Eq. 36). When 2,3-dimethylbutadiene was

=z N’TS Diels— Alder N’T5
I+ ! y | S‘I (Eq. 36)
e
X ST SENTs

40

added to solution prepared as in (Eq. 35) or (Eq. 36), no 40 was
found, but instead small amounts of the vicinal disulfonamide 41
were isolated (Eq. 37), The mechanism of formation of 41 is thought

to proceed by the pathway shown in Scheme IV,
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39
H — y NHTs 2% from Eq.34
/ \ / NHTs 4% from Eq35 (Eq- 37)

41

Scheme IV

/,NTS S/X
Sle _I_Q.(——-) I e\‘NTs (213) 3 /N/?ex hydrolysis 41
N NHTs NHTs

40 42 43

As in the case of 0=Se=NTs, the products are almost certainly
derived from the initially formed (4+2) cycloadduct, the selenolactam
40, by cleavage of the weak Se-N bond by some acidic species (HX).
(2,3)-Rearrangement to the selenium (II) amide 43, followed by
hydrolysis, yields 41. In the absence of a cleaving reagent, 40
seems to decompose to various selenium containing products. Under
these conditions, p-toluenesulfonamide, which is present either as
unreacted material in (Eq. 35) or as an impurity in the c¢hloramine-T
in (Eq. 36), probably acts as the acidic species HX., Examination of
Table 5 shows that this 1,2-diamination occurs with many 1,3-dienes,

The best conditions found were 1.1 equivalent reagent (since the
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10

Table 5 (1,2-Diamination of 1,3-Dienes)

Diene

;;_;éi

Equivalents

of 17

1.1

1,1

1.1

1.1

1‘1

of TsNH

Equivalents

2

1.1

1.1

Products

%
Yield?

68%

L

61%

37%

40%

527%

26%



b5

Table 5 (1,2-Diamination of l,}-Dienes)l

Equivalents Equivalents %
Case Diene of 17 of TsNH2 Products Yield

S & At

2 2
/ \ NHTs

|
12 1.1 1.1 NHTs 37%
\ NHTs

Footnotes for Table 5

1) See Experiment gzection for details.

2) Yields refer to isolated, recrystallized (where possible)

material,
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derived from chloramine-T and selenium metal was generally a better
source of 39, it was used for all of the subsequent work) containing
1.1 equivalent p-toluenesulfonamide in methylene chloride at room
temperature. The purpose of the added TsNH2 is presumed to facilitate
cleavage of the (4+2) adduct 40. The reagent generated in this
fashion appears to be different from that without added p-toluene-
sulfonamide. It forms more rapidly and the suspension has a silver-
grey luster as opposed to the plain white suspension normally formed.
As shown in Table 6, the new reagent also reacts with olefins to
give allylic sulfonamides in yields equal or slightly better than
the reagent without added sulfonamide. However, the presence of
large amounts of TsNH2 sometimes complicates the isolation of the
desired product,

Application of the mechanism i1 Scheme IV to cyclic 1,3-dienes
predicts that the sulfonamide groups should be cis to each other
since all steps must occur on the same face of the molecule as
shown for 1,3-cyclohexadiene (Eq. 38). In nmr decoupling experiments

on the product 44, the coupling constant between the ring protons

TsN TSN\\ NTS
\\
39 TsNH 3 TsNH
2 _(2_\__!_” ;2_‘ NHTs
or HL,O NHT (Eq' 38)
2? s
TsN
NHTs do NHTs 44
“NHTs -

was found to be 4Hz, According to the Karplus rule,46 this is
consistent only with a cis relationship between the sulfonamides

(pseudoaxial-pseudoeqoaturial as in 44a) or with a trans relation-
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Table 6 (Effect of TsNH.,

on Allylic Amination of Cyclohexene)l

Case Equivalents of 39 Equivalents of TsNH,
1 .63 0

2 .63 .63

3 .63 63"

b 1.25 0

5 1.25 1,253

6 1.25 1.25"

Footnotes for Table 6

1)

2)

3)

)

See experimental section for details.

OrNHTs?
37%
koz
35%
54%
64%

56%

Yields were determined by glpc using an internal standard.

TSNH2 added before the reagent was generated.

TsNHz added to previously formed reagent.
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ship in which the sulfonamides are both pseudoaxial (44b)., The
presumably more stable dipseudoequatorial trans conformer (4ic)
would be expected to have a coupling constant of least 10 Hz.
Hydrogenation of 44 over Adam's catalyst in EtOAc gave only cis-
1,2-di(p-toluenesulfonamido)cyclohexane, identical in all respects

with an authentic sample and different from the trans-isomeru7(Eq. 39).

NHTs NHTs

AN | AN | YA 3
— - NHTs ‘“*<H}7 "“:JﬁLﬂmﬁl (Eq. 39)

NHTs .
44a 44b 44c
cis less stable trans more stable trans

Not all 1,3-dienes give products resulting from (4+2) cycloaddition
(see case 9 in Table 4). 1,3-Cyclooctadiene gave an allylic sulfonamide
resulting from ene reaction and no disulfonamide. For this particular
diene, this is not unusual behavior since Chapman and Dominiani have
shown that its reactivity (in a (4+42) cycloaddition or ene sense)
depends on the dien0ph11e.u8

Even though no diene remains after a few hours; the yields of
disulfonamide generally are only poor to fair, Polar, solid by-
products are formed in most cases and were separated from the desired
disulfonamides by chromatography on alumina. Although these amorphous
solids are soluble in polar solvents, repeated attempts at recrys-
tallization were fruitless. Nmr showed only broad, badly resolved
bands corresponding roughly to a mixture of p-toluenesulfonamide

and diene. The origin and exact nature of this material is unclear,
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but one possibility is that it arises from polymerization of the
diene during the course of the reaction.u9 Some dienes, such as
mycrene and l-acetoxy-1,3-butadiene which are normally reactive
in (4+2) cycloadditions but are sensitive to cationic or radical
polymerization, gave only polar material and no disulfonamides at
all,

Seleninolactones analogous to the lactam intermediate 40 have
been isolated from the reaction of selenium dioxide with dienes.zua’b
It seemed likely that under aqueous conditions such lactones should un-
dergo hydrolysis and (2,3) rearrangement to 1,2-diols in the same

manner shown in Scheme IV (Eq. 40). 1In support of this reasoning,

Se
SeO, o/ _ 3l :
© Dlels- '© GOH(EQ- 40)

Alder
OH

reaction of 1,2-cyclohexadiene with 1 equivalent of selenium dioxide
in aqueous E;butanol gave cis-3,4-dihydroxycyclohexene (45) in
22% isolated yield (Eq. 40).50 The only other product of this
reaction appeared to be the dihydroxy selenide 46a (52%) perhaps
resulting from the electrophile addition of HO-Se-OH across one
double bond of the diene. The nmr of 46a and its diacetate derivative

(46b) clearly indicated the gross structure to be the non-symmetrical

OO0 UV

46
a: R=ZOH
b: R=Ac
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46 as opposed to the other possible (and expected!) isomer 47,
Unfortunately, the thermal sensitivity of 46a or b prevented complete
characterization.

Parts of this work have been published.51

Reactions of N-Alkoxycarbonyl Imido Compounds

Allylic sulfonamides are the major products derived from the
reaction of either TsN=S=NTs or TsN=Se=NTs with alkenes. In some
circumstances, the removal of the tosyl group is not compatible with
other functionality in the molecule (see Part II of this thesis) so
the utility of reagents substituted with other types of imino groups
was briefly investigated.

One promising class of reagents was the bis-alkoxylcarbonyl-
diimides, For these compounds, the ultimate products should be

allylic carbamates. This would be useful since carbamates can be

hydrolized under mild conditions52 whereas sulfonamides generally
cannot (Eq. 41). Both bis-methoxy-sBa and bis-c—zthcax:,r-B3b carbonyl-
2
ROXG H C

C02

P N H
H NgNCORR N TOR aq  NHj
[;\ _ene, L\\vil [\\ thi - hyd. [;::
N NHCO,R

sulfurdiimines are known as well as the related benzoyl derivative.530
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Reaction of either 49 or the previously unknown t-butoxy
compound 50 (prepared in the same way as 49 according to Ref. 53b)
with g—pinene gave low yields (less than 30%) of the appropriate

allylic carbamate (Eq. 42). These results were not encouraging

,COZR
,g + mEThylene\ ,.llN’l\OR
RO CN// chloride ' aqueous - (Eq. 42)
2 CH,OH
4'_9: R=Ft

50 i R=t—butyl
gince the reaction with‘ﬁfpinene, a particularly reactive olefin,

could not be forced to completion even with excess diimide. The

selenium analogs, prepared in gsitu as shown in Eq. 43, showed a

similar lack of 1:'eac’civi‘cy.29
) NCE': IC? $-pinene, ““N QFt
Se +C _N-COEt— O“c—N”SE“N- B (Eq. 43)
|

Efd approx. 30%
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EXPERIMENTAL

General Comments

Nuclear magnetic resonance spectra were recorded either using
a 60 MHz Varian Associates T-60 or a 90 MHz Hitachi-Perkin Elmer
R22 spectrometer (used for all decoupling experiments). Chemical
shifts are reported in § using TMS as an internal standard unless
otherwise noted. Infrared spectra were recorded on a Perkin Elmer
567 grating spectrophotometer, Ultra-violet measurements were
made on a Cary 14 UV-Visible spectrophotometer using 1 cm quartz
cells, Mass spectra were recorded with a Hitachi-Perkin Elmer
RMU-6E mass spectrometer,

Elemental microanalyses were performed by Midwest Microblab,
Ltd. (Indianapolis, Indiana) and by Robertson Laboratory (Florham
Park, N.J.). Melting points were determined on a Thomas-Hoover
capillary melting point apparatus and are uncorrected, as are the
boiling points.

Analytical thin layer chromatography (tlc) was carried out
using either silica gel (or alumina) F-254 coated glass or
aluminum plates (EM Laboratories, Inc, 20 cm x 20 cm x 200-250 microns)
cut into appropriately sized strips. Visualization was generally
accomplished by UV light or by a spray of saturated ceric sulfate
in 20% H,50, followed by heating or by iodine vapors. For prepara-
tive tle, 20 cm x 20 cm x 1000 or 2000 microns commercially prepared
plates of silica gel were used ("Uniplate," Analtech, Inc.) and
visualized by UV light and/or charring with a red hot wire or

by warming the edge of the plate after spraying with ceric sulfate.
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Column chromatography was carried out in appropriate glass columns
using silica gzel (70-230 mesh, EM or Quantum Industries) or alumina
(EM or ICN Life Sciences, Inc.) and freshly distilled solvents,
Analytical gas-liquid phase chromatography (glpc) was performed
on Perkin Elmer flame ionization models 990, 3920, and 3920B and
a Hewlett-Packard Model 402 gas chromatographs., The columns used
were all glass, 2 mm i.d. and will be referred to by length and
% loading of the liquid phase. Preparative glpc work was done on
a Varian Aerograph Model 920 (thermal conductivity).
The internal standard method was used for quantitative analyses,
with response factors determined separately under the analysis
conditions by means of a standard solution. Response factors (RF)

are defined as:

RF = Doles product area standard
moles standard area product

Peak areas were measured by electronic integration with either
Hewlett-Packard Models 3373B or 3380A electronic integrators.

In general, reagent grade solvents were used without further
purification. Tetrahydrofuran and benzene were always freshly
distilled from purple sodium/benzophenone solutions under
nitrogen. Chlorinated solvents (methylene chloride, chloroform,
carbon tetrachloride) were used after passage thru alumina and
storage over 4 % molecular sieves, All oxygen or water sensitive
reactions were carried out under a dry nitrogen atmosphere in

flame-dried glassware (this will be called "anhydrous” conditions).
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Orzanic extracts of reaction mixtures were dried over anhydrous
magnesium sulfate unless noted otherwise, Evaporation refers to
removal of solvent under water aspirator pressure on a roto-vac
(bath temperature< 30°C).

The following abbreviations will be used: brine = saturated

aqueous NaCl, bicarbonate = saturated aqueous NaHCOB. ether = diethyl

ether, DMF = dimethylformamide, THF = tetrahydrofuran, EtOAc = ethyl

acetate, ir = infrared, nmr = nuclear magnetic resonance (b = broad,

doublet, t = triplet, q = quartet, m = unresolved

i

s = singlet, 4

]

multiplet), mp = melting point, bp = boiling point, t, = glpc

retention time under the specified conditions, Rf = tlc mobility
relative to the solvent front (=1), and r.t. = room temperature,

Nmr coupling constants will not be included unless they are
of particular importance. Ir assignments will be noted when
possible,

Kugelrohr distillation refers to bulb-to-bulb distillation
on a Buchi kugelrohr using a hot air oven. The temperatures
reported indicate the oven temperature at the time of distillation
and not the actual boiling point of the material.

A1l olefins and dienes were passed through a short plug of

neutral alumina, activity I, just before use, All experiments with a
reference to <7 were performed by Dr. Hori.
0=8=N-Ts Reactions-Allylic Deuteration and Triti ation

N-Sulfinylﬁg:toluenesulfonamide (11)

This procedure is a slightly modified version of Kresze's. 1’

in a 2.01 round-bottomed flask fitted with a reflux condenser and
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CaCl, trap, a mixture of 250z p-toluenesulfonamide (1.46 mole,
Eastman Organic Chemicals), and 200g thionyl chloride (1.68 mole)
in 1.0 1 dry benzene was heated for 5 days at reflux. After cooling

to r.t., the solvent and excess SOCl2 were evaporated, first at

H20 aspirator pressure, then under high vacuum, to leave approxi-
mately 300g of dark orange oil, Kugelrohr distillation in three
10z portions gave a total of 196g 11 (bp 130-140°¢, 0.06 torr, 62%)
which crystallized upon standing to a bright yellow solid, mp
47-51% (1it.Y7 mp 53°C).

Addition of 1% N,N-dichloro-p-toluenesulfonamide (prepared
from the addition of TSNH2 in acetic acid to a NaOCl solution
(“Chlorox”) at 0°C, also commercially available) decreased the
time needed for completion. For example, the reaction of 125g
TsNH, (0.73 mole) and 173g thionyl chloride (1.46 mole in 100 ml
benzene under the same conditions was complete in only 16 hours.
Evaporation followed by distillation in the same manner gave 11

in 69% yield.

N-Sulfinylmethylsulfonamide (13)

N-Sulfinylmethylsulfonamide was prepared by Mr. John Taylor
according to the procedure described for 1l using 15.1g methyl-
sulfonamide (16 mmol) and 14 ml soC1, (19 mmol) in 30 ml benzene,

L

Kugelrohr distillation (165°¢,0.02 torr, 1it.17 bp 80° 10~ torr)

gave 13.92 of bright yellow oil (62%).
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Reaction of 11 with (-Pinene

To a 100 ml round-bottomed flask under anhydrous conditions
containing a solution of 5.4g TsNSO (24.9 mmol) in 50 ml THF
(benzene or CHBCN gave equivalent results) was added, with stirring
and cooling (ice bath), 3.6 ml @—pinene (22.7 mmol), After
stirring overnight at r.t.,, the solution was concentrated to about
1/2 volume and cooled, The resulting white precipitate was
collected and washed with a small amount of hexanes, After drying
in vacuo, 7.13g of 6,6-dimethylbicyclo(3.1.1)hept-2-en-2-yl-N-
(p-toluenesulfonyl)methylsulfinamide (14) was obtained (89%),
137-139°C; ir (KBr pellet) 3050 (NH), 2920 (CH), 1595, 1375 (S0,),

1320, 1185, 1165 (802), 1080, 1065, 860 and 815 cm-l: nmr (CHClB)

§ 9.0 (1H, broad s, exchangeable with D,0, N-H), 7.9 -7.2 (4H, q,
aromatic), 5.60 (1H, broad s, olefinic), 3.55 (2H, broad s, —CHZ-S).
2.4 (3H, s, aromatic -CH3), 2.2 (54, m, ring -H), 1.2 (3H, s,

—CHB). 1.0 (1H, m, bridgehead) and 0.7 (3H, 4, -CHB)' Upon standing

at r.t. in the solid state, 14 slowly decomposed to &-pinene and a
solid residue consisting mostly of TsNH,.

Anal, Caled for C,,H,sN0,S,: C, 57.76: H, 6.563 N, 3,96,
Found: C, 57.00; H, 6.90; N, 3.80,

trans-3-Phenyl-2-propenyl-N-(p-toluenesulfonyl)sulfinamide

In the same manner 1.18g allylbenzene (10 mmol) and 2.2g TsNSO

(10.14% mmol) were mixed in 20 ml benzene., After 3 hours at r.t.,
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10 ml pentane was added and the reaction mixture cooled., After
filtering and drying in vacuo, 1.99g of white crystals were obtained
(59%), mp 154 -155°C; ir (KBr pellet) 3250, 3060 (NH), 2940 (CH),
1595, 1490, 1450, 1360 (302), 1105, 1165 (502). 1100 and 965 cm"1:
nmr (CH013)5 7.2 -7.9 (M4H, q, aromatic), 7.3 (5H, s, aromatic),

6.7(1H, d(J = 8 Hz), g-CH=), 6.90 (1H, m, =CH-R), 3.9 (2H, d.-CHz-S)
and 2.3 (3H, s, aromatic -CH3).

Anal. Calcd for CléHl?NOBSZ: ¢, 57.28; H, 5.11; N, 4.18,
Founds C, 57.33; H, 4.98; N, 3.96,

lo-N-(p—Toluenesulfonyl)sulfinamido)1;-carvone

1-Carvone (300 mg, 2 mmol, Aldrich Chemical Co., distilled
98 -100°¢ at 7 torr) was added to a stirred solution of 520 mg
TsNSO (240 mmol) in 3 ml benzene in a 25 ml round-bottomed flask
under anhydrous conditions., After 24 hours at r.t., 2 small amount

of TsNH. was filtered off and the filtrate eluted through silica

2
cel (10g) with hexanes (100 ml) followed by 50% EtOAc/hexanes

(50 ml) and finally with EtOAc (50 ml). The EtOAc fractions were
concentrated to give a yellow oil (600 mg) which were rechromatographed
on 20g silica gel, eluted first with 35% EtOAc/hexane to separate

TsNH,, then with EtOAc. Concentration of the appropriate fractions

gave, after drying in vacuo, 375 mg of 10-(N-(p-toluenesulfonyl)

sulfinamido)-l-carvone (37%) as a deep yellow oil; ir (film)

3500-3000 (broad band), 2980, 1670 (Cc=0), 1595, 1370 (SOZ)’ 1330,

1240, 1160 (S0,), 1090, 1040 and 900 em™t: nmr (CHC14) § 9.0 (1H, s,
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N-H) 7.2-7.9 (4H, q, aromatic), 6.75 (1H, R-CH = R), 5.1 (2H, 4,

=CH 3-?5 (ZHn S, ‘CHz‘S)p 2-5 (5Hl m, ring H)- 2-’4‘ (BHn S,

)e
2
aromatic -CHB) and 1.75 (3H, broad s, -CHB)'

Hydrolysis of 14 with H,0

To a 25 ml round-bottomed flask with a magnetic stirrer (anhydrous
conditions) was added 176 mg 14 (0.5 mmol) in 10 ml benzene. After
6 hours of refluxing, practically no change had occurred., Five ml

H,0 was added and refluxing continued., After 14 hours, no 14

2
remained the tlec showed the presence of TsNH,. B -Pinene was detected
by glpe (6' 3% UCW-98 on 80/100 mesh Gas Chrom Q, 90°C, co-injection

with an authentic sample),

Allylic Deuteration of {3-Pinene with TsNSO (;;)29

A solution of 520 mg TsNSO (2.4 mmol) in 20 ml benzene was
prepared in a 50 ml round-bottomed flask under anhydrous conditions.
£ -Pinene (0.32 ml, 2 mmol) was added with stirring. The reaction
could be conveniently monitored by glpc for the disappea rance of
olefin (after the removal of the adduct by passing an aliquot
through a plug of neutral alumina with hexanes), When the reaction
was completed (6 hours), 10 ml D50 (799.7% isotopic purity, ‘obtained
from Merck, Sharp and Dohme, Ltd.) was added to the flask and,
after fitting a reflux condenser, the mixture was heated at 90°C
for 12 hours (after which time no adduct remained by tlc). The benzene

layer was separated and passed through a short column of silica gel
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(30g) with hexanes (50ml) The resulting solution was concentrated
to leave 190 mg of crude product which was kugelrohr distilled
(90 -100°C, water aspirator pressure) to give 162 mg of trans-
(3-d)-B-pinene (59%): nmr (CHCl){4.5 (2H, m, =CH,), 2.35 (3H,

m, ring H), 1.9 (3H, m, ring H), 1.4 (1H, 4, bridgehead H),

1.25 (3H, s, _CHB) and 0.7 (3H, s, -CH3). Deuterium analysis by
standard ms techniques Sk (including corrections for natural
abundance) showed the deuterated Q—pinene to be 14% d, and 86%
dl.

Allylic Deuteration of b-Pinene with MsNSO (;3)29

Using the exact procedure described for TsNSO, E-pinene
(0.32 ml1, 2 mmol) was deuterated using 0.57g 13 (4 mmol), The
trans—(d-d)-#-pinene recovered (51%) was 3% dg,» 94% d;, and 4%

d2'

Hydrolysis of 14 with D07

Two mmol of 14 (0,71g), the 1:1 adduct between R-pinene and
TsNSO, was refluxed for 12 hours in a mixture of 10 ml benzene and

5 ml D,O in a 25 ml round-bottomed flask under anhydrous con-

2
ditions., Isolation by passage of the benzene phase through silica

gel (30g) with hexanes (30 ml), evaporation and kugelrohr distillation
gave trans—(j—d)-%pinene (215 mg, 78%) which was 2% dg, 95% dy
and 3% d,.
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Allylic Deuteration of 1-Dodecene’”

Using the same procedure and scale described for _-pinene,
except that 3 equivalents of TsNSO were used, l-dodecene gave

3-(d)=-1l-dodecene (46%); nmr (CH013)6'5.5 (1H, m, =CH=-R), 4.7

(2, m, =CH 1.9 (1H, m, allylic H) and 1.0 -0.8 (13H): u%

2) s

Allvylic Deuteration of Citronellol Methyl Ether29

Using the same procedure and scale for P-pinene except that
2 equivalents of TsNSO were used, citronellol methyl ether (46%

recovery) was deuterated (11% dg» 37% dys 2% d3). The deuterium

was apparently located in one of the vinyl methyl groups (the
location is not certain due to overlapping peaks in the nmr).

A diene was also isolated (7%) as a minor by-product.

Allylic Deuteration ofg-Methylstyrene29

Using the same procedure and scale for Q-pinene, 3-(d)-2-
phenyl-l-propene was isolated (79%) from £-methylstyrene.
Because of a large (M-1l) peak in the ms of «L-methylstyrene, the
deuterium content was analyzed after reduction to cumene with

Na metal in abs, EtOH72 and was found to be 15% d,,» 847 4y

and 1% d,.
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Allylic Deuteration of l-Carvone using TsNSO

A mixture of 1,0g l-carvone (Aldrich, 6.66 mmol.o%=—55.6°
(C = 8.65 in abs EtOH)) and 2.89g TsNSO (13.3 mmol) was stirred
in 20 ml benzene in a 50 ml round-bottomed flask (anhydrous con-
ditions) for 24 hours. Glpc showed no olefin remaining, so 12 ml

DZO (> 99,7%d) was added and the mixture refluxed for 7 1/2 hours,

The reaction was cooled, taken up in ether which was washed once
with H,0, 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 l-carvone contaminated with
approximately 5% of dehydrocarvacrol., Pure l-carvone, isolated by
preparative glpe (8' x 1/4" 20% SE-30 on 45/60 mesh Chromsorb

W, 150°C) was 13% d4_, 46% d, 35% d, and 6% d,, and showed little

o’
change in optical rotation (= -54.7°(C = 8.45 in abs. EtOH)).

The excess deuterium was exchanged by heating the crude
deuterated l-carvone (250 mg) in 5 ml 60% EtOH containing 3 drops
50% NaOH solution at 50 -60°C for 3 hours in a 25 ml round-bottomed

flask under N2. Extraction with hexane (washed once with H2O.

once with brine and dried) followed by evaporation gave 240 mg
of yellowish 0il which was kugelrohr distilled to give 230 mg of
10-(d) -l-carvone (90%, 39% overall): nmr (CH013)6 6.75 (1H, m,
olefinic), 4.7 (2H, broad s, zCHZ), 2.5 (5H, m, ring H) and

1.75 (5H, two overlapping s, —CH3 and —CHED). A pure sample of

10-(d)-l-carvone was collected by preparative glpc: 16% d,» 827%
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d, and 2% d,,%= -55.0°(C = 9.45 in abs. EtOH).

1

Allylic Deuteration of l-Carvone using MsNSO

Using the same procedure and scale as the deuteration of 1-
carvone with TsNSO except with 1,88z MsNSO (13.3 mmol), crude
deuterated l-carvone was re-isolated in 45% yield, again con-
taminated with 5% dehydrocarvacrol., The l-carvone, isolated
by preparative glpc, was 17% d,, 20% d,, 37% d,, 25% d, and 2% 4.
Exchange under the same conditions gave 10-(d)-l-carvone 90%, 39%,

overall) which was 16% do' 7 5% d2 and 9% d3.

Allylic Tritiation of X-Methylstyrene

In a dry 25 round-bottomed flask fitted with a reflux con-
denser and CaCl, trap, a mixture of 670 mg N-(p-toluenesulfonyl)-
2-phenyl-2-propenyl-sulfinamide (2 mmol, recrystallized from

CHC1l, and dried in vacuo) and 0.1 ml T,0 (1 ¢i/ml for a total of

3
100 uCi) in 5 ml benzene was refluxed for 14 hours, After cooling,
5 ml pentane was added and the organic phase eluted throuzh a 7.0
em Xx 0.5 cm silica gel column with an additional 5 ml pentane.

The resulting solution was concentrated to afford 120 mg of an

0il which was kugelrohr distilled (80-90°C, H,0 aspirator pressure)

to give 110 mg of tritiated -methylstyrene (49%). Glpc analysis
(6" 3% OV-17 on 80/100 mesh Gas Chrom Q, 70°C) showed only one
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peak which co-injected with an authentic sample., A 9.1 mg

sample (77 umol) was found to have 5.5 x 105 cpm (7.1 x 10

cpm/umol); since 1 uCi = 8.8 x 10° cpm (1 uCi = 2 x 106 dpm x
counter efficiency = 0.4 cpm/dpm), the activity of the <-methyl-
styrene was 0,8 uCi/umol., Further distillation of the product
caused no significant change in activity. Since a total of

77 uCi/umol of available H' (10° uCi distributed over 110 umol

H* from T,0 and 20 umol HY from adduct) was present, this represents

2
only about 10% incorporation., Replacement of the T20 by 0.1 ml

D20 under identical conditions and workup gave L£-methylstyrene

which was 25% dy» 40% dy 22% d, and 10% d3.

Reaction of (E)- or (Z)-3-Methyl-2-Hexene with TsNSO

In a 25 ml round-bottomed flask a solution of either 0,49g
(E)- or (2)3-methyl-2-hexene (5 mmol, Chemical Samples Co,) and
l.1g TsNSO (5.07 mmol) in 10 ml benzene was stirred at r.t. for

14 hours (under anhydrous conditions). Ten ml of H,0 was added

and after 12 hours at r.t., it was refluxed for another 14 hours,
Glpe analysis (6*' 10% UCW-98 on 80/100 mesh Gas Chrom Q, 10,
tr((g)— olefin)=8.5 min, tr((g)- olefin)=9,3 min) of both reaction
mixtures showed the same ratio (E)/(2) = 2 (33% (2), 67% (E)).

The products were identified by glpc co-injection. Under the

same conditions using 0.87g (5.08 mmol) TsNH, in place of TsNSO,

both isomers were recovered unchanged,
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Reaction of cis- or trans-5-Decene with TsNSO

In a 25 ml round-bottomed flask equipped with a magnetic
stirrer under anhydrous conditions, a mixture of 0.7g of either
¢cis- or trans-5-decene (5 mmol, Chemical Samples Co.) and 1l.62g
TsNSO (7.46 mmol) in 5 ml benzene were stirred at r.t. for 20

hours, Two ml of H,0 and 50 mg of HgCl, (0.18 mmol) was added and

after refluxing for 14 hours, the mixture was taken up in hexanes,

washed once with H20 and passed through neutral alumina (52) with

15 ml hexanes. Evaporation and kugelrohr distillation of the

residue (800, 35 torr) gave 0,30g of cis-5-decene (43%) and

0.3lg of trans-5-decene (44%), respectively. Glpc analysis

(6* 10% UCW-98 on 80/100 mesh Gas Chrom Q, 140°C) showed both

isomers to be contaminated with approximately 8% of a diene

(assumed to be 4,6-decadiene)(t.(5-decene, cis and trans isomers

are not separated) = 2.6 nmin, tr(diene, all isomers) = 3.3 min).
The recovered olefins (0.30z cis; 0.30g trans (2,1 mmol) were

in 10 ml CH2012 in separate 25 ml round-bottomed flasks and

0.47g of MCPBA (2.7 mmol) was added at 0°%. After standing over-
night at r.t., the reactions were taken up in ether and washed

once with 1:1 4% NaOH/brine, H,0, brine and dried. Glpe analysis

(6' 3% OV-17 on Gas Chrom Q, 90°C) of both reaction mixtures
showed the same mixture of cis- and trans-5-decene epoxides

tr(trans~5—decene epoxide) =4,4 min, t_(cis-5-decene epoxide)

=5,0 min) consisting of 23% c¢is/77% trans., No 5-decene remained
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in either of the reaction mixtures, Authentic samples of the
epoxides were prepared by MCPBA oxidation of the pure isomers.,
When a sample of cigs-5-decene was subjected to the exact same

series of reactions with the exception that 1.27g TsNH, (7.42 mmol)

was used in place of TsNSO, the resulting cis-5-decene epoxide
(isolated in nearly quantitive yield) was found to be 98% cis
and 2% trans (commercial cis-5-decene is contaminated with

approximately 2% trans isomer).

N-Methylation of 14 with Triethylamine/Dimethylsulfate

3N (2.6 ml, 18.6 mmol) was added to a stirred suspension

of 5.98g 6,6-dimethylbicyclo(3.1.1)hep-2-en-2-yl-N-(p-toluene-

Et

sulfonyl)methylsulfinamide (14, 17.4 mmol) in 40 ml benzene

in a 100 ml round-bottomed flask, After all of the adduct had
dissolved, dimethylsulfate (0,90 ml, 9.5 mmol) was added and
stirring continued overnight at r.t. The reaction mixture was

taken up in EtOAc, washed with H,50, brine and dried. Filtration

and evaporation gave 7.83g of clear oil which upon trituration
with hexanes gave a white solid. Recrystallization (CHClB/hexanes)
gave a total (2 crops) of 4.98g (80%) of 6,6-dimethylbicyclo-
(3.1.1)hep-2-ene-2-yl-N-methyl-N-(p-toluenesulfonyl)sulfinamide

as white needles, mp 113 -114°C; ir(10% in CHCl;) 2920 (CH), 1595,

1355 (S0,), 1305, 1165 (S0,) and 1089 em~t

s nmr (CH013)8 7.2 -7.9
(4, q, aromatic), 5.75 (1H, broad, s, olefinic), 3.6 (2H, s,

CHz-S). 2.85 (3H, s, CHB—N), 2.4 (3H, s, aromatic -CHB), 2.4 -2.0
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(54, m, ring H), 1.3 (3H, s, -CH3)' 1.25 (14, m, bridgehead) and
0.9 (3, s, =CHj).

Anal, Caled for C181{25N03823 c, 58.82; H, 6.86; N, 3.81.
Found: C, 58.703 H, 6.94; N, 3.59.

N-Methylation of 14 with Tetramethylammonium Hydroxide/CHBI

The adduct 14 was prepared in situ using 1.0g ﬁ-pinene (7.3 mmol)
and 2.4g TsNSO (11 mmol) in 20 ml benzene as previously described.
The benzene was removed as completely as possible by roto-vac and
the residue immediately redissolved in a ice cold mixture of 6.7g
tetramethylammonium hydroxide solution (7.3 mmol, 10% in H 0, Eastman
Organic Chemicals) in 20 ml DMF followed immediately by 1.35 ml
(20 mmol) of iodomethane. After stirring at r.t. for 3/4 hours,
water was added followed by extraction with two portions of 1:1
ether/EtOAc which was washed three times with Hzo, once with brine
and dried, Filtration and evaporation gave 2.3g of a white semi-

s0lid which was recrystallized (CHClB/hexanes) to give 1.65g (61%)
of the N-methyl adduct,

Hydrolysis of N-Methyl 14 to N-Methyl-p-toluenesulfonamide

6,6-Dimethylbicyclo(3.1.1.)hept-2-en-2yl-N-methyl-N-(p-toluene-
sulfonyl)sulfinamide (500 mg, 1.36 mmol) was dissolved in a mixture

of 5 ml Claisen's Alkali (35g KOH/25 ml H20/100 ml CHBOH) and 5 ml
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60% CH.OH., After standing at r.t. for 5 hours and heating on a

3
steam bath for an additional 1 1/2 hours, the residual oil was
dissolved in 2% NaOH, washed twice with ether (discarded),
neutralized with 10% HCl to pH 5 and extracted twice with 1:1
EtOAc/ether which was washed with brine and dried, Filtration and
evaporation gave 370 mg of a yellow o0il which was purified by
preparative tlc (2000 micron silica gel eluted with 30% EtOAc/
hexanes, Rf =0,29) to give N-methyl-p-toluenesulfonamide (230 mg

crude, 217 mg recrystallized (CHClB/hexanes). 91%), mp 76 -77%

(1it. mp 78°C); nmr (CHC1,) § 7.2~ 7.9 (4H, q, aromatic), 5.25
(14, q, N=-H), 2.6 (3H, 4, CHB—V) and 2.4 (3H, s, aromatic ~CH3).

6-(Dec-b4-enyl) -N-methyl-N-(p-toluenesulfonyl)sulfinamide

In a 100 ml round-bottomed flask with a magnetic stirrer under
anhydrous conditions, 3,15z TeNSO (14.5 mmol) was added to a solution
of 2,0g t-5-decene (14,3 mmol) in 30 ml benzene. After 15 hours at

r.t., 2.1 ml Et.,N (15 mmol) and 0.87 ml dimethylsulfate (9.2 mmol)

3
were added and stirring continued overnight, EtOAc was added and

the organic phase washed with H,0, brine and dried, Filtration

and evaporation left a light yellow oil which was purified by
column chromatography (50g silica gel; packed with hexanes and
eluted with 5% EtOAc/hexanes; 50 ml fractions). Concentration of
appropriate fractions (identified by tlec) gave, after 2 hours

in vacuo, 2.45g (46%) of the N-methyl adduct as a yellowish oil,

Rf = 0.47 (25% EtOAc/hexanes); ir (film) 2960, 2930, 2870, 1595,

1

1490, 1460, 1355 (SO 1240, 1165 (SO 1090 and 970 cm ~: nmr

2)’ 2).



68

(cH013)J'7.2-7.9 (44, q, aromatic), 5.0-6.0 (2H, m, olefinie), 3.3
(1H, 4 of t, RZCH—S), 275 (3H, s, N-CHB), 2.4 (3H, s, aromatic -CHB)
and 2,1-0.9 (16H, m),

6=-(Dec=4-enyl) -N-methyl-N-methylsul fonylsulfinamide

In a 50 ml round-bottomed flask with a magnetic stirrer, under
anhydrous conditions, 2.0z MsNSO (14.2 mmol) was added to a solution
of 1.0g t-5-decene (7.1 mmol) in 20 ml benzene. After 20 hours at
r.t., the solvent was removed and the oily residue redissolved in
a solution of ice cold tetramethylammonium hydroxide (6.6g, 10%
in H,0, 7.25 mmol) and 20 ml DMF, CHBI (1.25 ml, 20 mmol) was then
immediately added., After 40 minutes at r.t., the reaction was taken
up in EtOAc, washed three times with Hzo. once with brine and dried.
Filtration and evaporation gave a light yellow oil (2.03g) which
was purified by column chromatography (30g silica gel; packed with
hexanes and eluted with 100 ml 5% EtOAc/hexanes, 300 ml 10%, 200 ml
15%3; 50 ml fractions). Concentration of appropriate fractions
(identified by tlc) gave after 2 hours in vacuo, 1.03g (49%) of
the N-methyl adduct, Rf = 0,22 (25% EtOAc/hexanes); ir (film) 2960,
2930, 2870, 1460, 1355 (S0,), 1160 (S0,), 1095 and 965 cm™ s nmr
(CH013)6 5.0-6,0 (24, m, olefinic), 2.3 (1H, d of t, R,CH -8),

3,05 (3H, d(J = 1Hz), SO,-CHy), 3.0 (3H, s, N-CH;), 2.15 (2H, d
of t, allylic H) and 1.6-0.9 (14H, m).
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Cyclooct-2-enyl-N-methyl-N-(p-toluenesulfonyl)sulfinamide

In a 100 ml round-bottomed flask with a magnetic stirrer, under
anhydrous conditions, 8.0g TsNSO (36.9 mmol) was added to a solution
of 2.0g cyclooctene (18.1 mmol, Aldrich Chemical Co.) in 40 ml
benzene. After 36 hours at r,t., the solvent was removed and the
0ily residue redissolved in a solution of ice cold tetramethyl-
ammonium hydroxide (16.6g, 10% in H,0, 18.2 mmol) and 40 ml DMF,
After 45 minutes at r,t., Et0OAc was added and the organic phase
washed three times with HZO’ once with brine and dried, Filtration
and evaporation left 3,962 of a clear oil which was purified by
column chromatography (652 silica gel; packed with hexanes and eluted
with 200 ml: hexanes, 5% EtOAc/hexanes, 10%, 15%, 20%; 50 ml fractions).
Concentration of appropriate fractions gave, after 2 hours in vacuo,
2.13g of a clear oil (34%), Rf = 0.33 (25% EtOAc/hexanes), which
crystallized upon standing. Recrystallization (CHClB/hexanes) gave
1.292 (total of 2 crops) of the N-methyl adduct, mp 109 -111°C;
ir (10% in CHCl5) 2930, 2860, 1595, 1445, 1355 (S0,), 1160 (S0,)
and 1090 cm™*
(21, m, olefinie), 3.75 (1H, 4 of t, R, CH-S), 2.83 (3H, s, N-CHB),

t nmr (CHClB)‘f 7.2 =7.9 (4H, q, aromatic), 5.3 -6.0

2,4 (34, s, aromatic -CH,), 2.15 (2H, m, allylic H) and 1.65 (8H,

3
m, ring H).
Anal. Caled for Cl6H23N0382: c, 56.27; H, 6.79; N, 4,10,

Found: C, 56.18; H, 6.91; N, 4,10.

2-Phenylcyclohex-2-enyl-N-methyl-N-(p-toluenesulfonyl)sulfinamide

In a 50 ml round-bottomed flask with a magnetic stirrer, under
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anhydrous conditions, 3.25g TsNSO (15 mmol) was added to a solution

of 1.0g l-phenyl-l-cyclohexene (6.3 mmol, Aldrich Chemical Co.)

in 20 ml benzene. After 36 hours, the reaction mixture was cooled

in a refrigerator for approximately 1 hour. The resulting precipitate
was collected by suction filtration (washed with 25 ml dry pentane)
and dried (1.90g, 80% yield of 2-phenylcyclohex-2-enyl-N-(p-toluene-
sulfonyl)sulfinamide). This solid (5 mmol) was suspended in 40 ml
benzene and 0.80 ml Et3N (5.7 mmol) added followed by 0.6 ml
dimethylsulfate (6,3 mmol). After 2 hours at r.t., the reaction

was taken up in ether which was washed twice with H,0, once with

brine and dried. Filtration and evaporation left 0,96g of a white
solid which was purified by column chromatography (25g 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 0,52z (26%) of the N-methyl adduct (recrystallized from EtOAc/
hexanes), mp 160 -161°C (decomposition with evolution of gas), Rf =
0.47 (35% EtOAc/hexanes), not very soluble in ether, benzene or

EtOAcs ir (10% in CHClB) 2940, 1595, 1490, 1445, 1360 (302)’ 1305,
1165 (S0,),
q, aromatic), 735 (5H, broad s, aromatic), 625 (1H, broad t, olefinic),

1090, 900 and 890 cm™t: nmr (cHC1,) § 7.2 -7.9 (A,

k.15 (1H, broad s, R,CH-S) 2.4 (6H, s, aromatic ~CH 4 and N-CH3.
addition of shift reagent causes splitting into 2 singlets in ratio
of 1:1) and 2.4 -1.8 (6H, m, ring H).

Anal, Calcd for C,,H 23 03823 ¢, 61,64 H, 5.95 N, 3,60, Founds
C, 61,56:H, 5.98; N, 3.6k,

An additional minor product (160 mg) was isolated from the

early fractions of the column and, on the basis of spectral data,
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tentatively identified as either of the two O-methylated products

shown belows
OMe
MEO\/NTS Q.

i
N=S§

;{ @)

mp 96 -989% (transparent blocks from CHClj/hexanes). Rf = 0.85
(35% EtOAc/hexanes); ir (KBr pellet) 3030, 2940, 1595, 1495, 1445,
1425, 1395, 1360, 1340, 1325, 1305, 1290, 1220, 1185, 1180, 1165,
1090, 1060, 975, 950, 925, 910, 900, 865, 820, 700 and 690 cm"lz
nmr (CHClB) § 6.95 -7.5 (L4H, q, aromatic), 7.0 (5H, broad s,
aromatic), 6.1 (1H, broad t, olefinic), 5.3 (1H, broad s, R, CH-S),
3.9 (3H, s, -0CHj), 2.35 (3, s, aromatic -CHj) and 2.4 -1.5 (6H,
m, ring H).

Anal. Calcd for C,,H,,N0,S,8 C, 61.673 H, 5.95; N, 3.60,

372
Found: C, 61.42; H, 5,903 N, 3.55.

~

Pyrolysis of 6-(Dec-4-enyl)-N-methyl-N-(p-toluenesulfonyl)sulfinamide-

Tethod A

In a screw-top combustion tube (obtained from the Lab Crest
Scientific Division of the Fischer and Porter Company, consisting
of a thick-walled glass tube fitted with a teflon lined, screw-on
metal cap), a mixture of 750 mg (2 mmol) of N-methyl adduct in
approximately 1 ml benzene was heated at 150°C (o0il bath) for 2 1/4

hours. After cooling to r.t., the resulting dark brown solution was
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taken up in hexanes, washed with H20 and dried, Filtration and
evaporation gave 0.67g of a yellowish semisolid which was passed
through a short column of neutral alumina (2g) with hexanes (5 ml).
Concentration of the filtrate afforded 210 mg of a clear oil. Glpc
analysis (6' UCW-98 on 80/100 mesh Gas Chrom Q, 140°C) showed only
two peaks corresponding to 5-decene (19% by area, t. = 2.4 minutes)

and 4,6-decadiene (81% by area, t_. = 3 minutes). Both peaks were

r
separated by preparative glpc (12' x 3/8" stainless steel, 20%

0V-17 on 45/60 mesh Chromsorb W, 1?5°C). The peak corresponding
to 5-decene was identical to t-5-decene and showed no absorbance

in the UV. 4,6-Decadiene, a colorless oil, showed A % (isooctane)

ma
= 232 nm (log € = 4.,4),

Anal. Calcd for C, H,g: C, 86.88; H, 13.12. Founds: C, 87,04;
H, 13.29. The spectral data does not allow for the assignment of
or the exact location of the double bonds. The diene is assumed
to be the 4,6-isomer by analogy with the case of l-phenyl-l-
cyclohexene, The calculated yield of 5-decene was 14%; 4,6-

decadiene 67%.

Pyrolysis of 6-(Dec-l4-enyl)-N-methyl-N-(p-toluenesulfonyl)sulfinamide-

Method B

In a Buchi kugelrohr distillation apparatus using a flamed-
dried flask and receiver under a N2 atm,, 1.0g of the N-methyl
adduct (2.7 mmol) was heated at 180°C (air bath), After 45 minutes,
a total of 280 mg of a slightly yellow oil was recovered from the

receiver, Glpc analysis (by area %) showed it to consist of 96%
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diene and 4% 5-decene along with traces of impurities. (< 1% total)
The diene, purified by preparative glpc, was identical to the
previously isolated material., The calculated yield of 5=-decene is

3%3; 4,6-decadiene 72%.

Pyrolysis of 6-(Dec-4-enyl)-N-methyl-N-methylsulfonylsulfinamide-

Method A

Using the same procedure described for the tosyl case, 250 mg
(0.85 mmol) of the N-methyl adduct derived from MsNSO was heated
at 150° for 2 hours in benzene in a combustion tube, Sixty mg
of a clear oil was recovered, Glpc analysis (6' 10% UCW-98 on
80/100 mesh Gas Chrom Q, 135°C) showed this to be 82% diene and
18% 5-decene. The calculated yield for 5-decene is 9%; U4,6-decadiene

42%.

Pyrolysis of 6-(Dec-4-enyl)-N-methyl-N-methylsulfonylsulfinamide-

Method B

Using the same procedure as described for the tosyl case, 450
mg (1.52 mmol) of the N-methyl adduct was destructively kugelrohr
distilled at 150°C under N, to give 130 mg of a clear oil. Glpc
showed this to be 74% diene and 26% 5-decene, The calculated
yield for 5-decene is 16%; U4,6-decadiene 46%,

Pyrolysis of Cyclooct-2-enyl-N-methyl-N-(p-toluenesulfonyl)sulfinamide-

Method A

A mixture of 54.2 mg (0.16 mmol) of the N-methyl adduct from
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cyclooctene and 64.9 mg n 'CllH23 (0.415 mmol, internal standard)
was heated in benzene at 150°C for 1 1/2 hours. Glpc analysis
(8" x 1/4" aluminum tubing, 10% Q,P—dioxyopropionitrile on 80/100
mesh Gas Chrom Q, 90°C) of the crude reaction mixture showed a
10% yield of 1,3-cyclooctadiene(identified by co-injection with

an authentic sample, Aldrich Chemical Co.), t. = 6.6 minutes (tr

r
(Cll) = 3 minutes)., Cyclooctene (tr = 4,7 minutes) was not observed
under these conditions because of interference from benzene (tr =
4.9 minutes)., However, on 6' UCW-98 on 80/100 mesh Gas Chrom Q

at 100°, the total yield of 1,3-cyclooctadiene/cyclooctene (not
separated), t, = 2.0 minutes (tr (Cll) = 6.6 minutes), was calculated

at 26%. The calculated yield of cyclooctene is 15%, 1,3-cycloocta-
diene 11%,

Pyrolysis of Cyclooct-2-enyl-N-methyl-N-(p-toluenesulfonyl)sulfinamide-

Method B

As previously described, 350 mg (1.03 mmol) of the N-methyl
adduct was destructively kugelrohr distilled under N2 at 175°C,
After 45 minutes, 100 mg of a yellowish o0il was collected. This
was passed through a short plug of neutral alumina with 3 ml pentane,
Evaporation gave 80 mg of a clear oil, hnmx (isooctane) = 228 nm
(log € =3.70, corrected for presence of olefin). Authentic 1,3-
cyclooctadiene has ?\max (cyclohexane) 228 nm (log e =3.?5).55b
Glpc analysis (8' x 1/4" aluminum tubing, 10% E.&-dioxyopropionitrile
on 80/100 mesh Gas Chrom Q, 90°C) showed this to consist of 83% 1,3-

cyclooctadiene and 17% cyclooctene. The calculated yield of
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cyclooctene is 12%; 1,3-cyclooctadiene 60%.

Pyrolysis of 2-Phenylcyclohex-2-enyl=N-methyl-N-(p-toluenesulfonyl)

sulfinamide-Methods B and C

As previously described, 280 mg (.72 mmol) of the N-methyl
adduct was destructively kugelrohr distilled under N2 at 175°C,
After 20 minutes, 80 mz of a white semisolid was collected. Glpe
analysis (6' 10% Carbowax 20M on 80,100 mesh Gas Chrom Q, 150°¢)
showed a mixture (by area %) of 6.5% l-phenylcyclohexene (t, = 10.6
minutes), 85% biphenyl (tr = 17.4 minutes) and 7.7% diene (tr = 13,0
minutes). After 20 minutes at r.t. in open air, these values had
changed to 6.6% l-phenylcyclohexene, 93% biphenyl andO0.4% diene.

Injection of a 25% solution of the N-methyl adduct in CHBOH
directly into the gas chromatograph (injection port temperature
250°C) gave (by area %) 6.4% l-phenylcyclohexene, 3.6% biphenyl and
90% diene,

The diene produced from both methods B and C was separately
purified by preparative glpc (20' x 3/8" stainless steel, 20%
Carbowax 20M on 45/60 mesh Chromsorb W at 200°C, tr = 22 minutes
(tr (biphenyl) = 26.5 minutes, T, (1-phenylcyclohexene) = 19
minutes, collected at liquid N, temperatures). The resulting oils
were weighed and dissolved up in cyclohexane (10 ml volumetric
flasks). UV analysis showed both samples to be identical; & _—
= 276 nm ( e=7500)., Some biphenyl(?n nax = 230) was present
in each sample. Both 2-phenyl-l,3-cyclohexadiene ( A max = 276

nm( & = 8140)) and l-phenyl-l,3-cyclohexadiene( 2 = 303 nm,

max
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€ = 13800) are known.>’ Not more than 14% of the l-phenyl isomer
can be present in the isolated samples,

Both l-phenylcyclohexene and biphenyl were identified by co-
injection which authentic samples, Biphenyl was isolated from the
distillate (Method B) and was identical (tlc, mp and mixed mp) with

an authentic sample,

0=Se=N-Ts Reactions

Reaction of 17 with Citronellol Methyl Ether (21).

Under anhydrous conditions, a slurry of 0.55 ml EtBN (4 mmol,
distilled from CaH2 and stored over 4 % sieves under Nz) and 0, 34g
p-toluenesulfonamide (1.98 mmol, Eastman Organic Chemicals, dried in
vacuo) was prepared in 4 ml CH,Cl, at 0°C (ice bath) in a 25 ml
round-bottomed flask equipped with a dropping funnel and magnetic
stirrer, A solution of 0,14 ml selenium oxychloride (2,04 mmol,
distilled 64 -65°C at 3.25 torr and stored in a no-air container
under N2) in 2 ml CH2012 was added through the dropping funnel
over a period of approximately 5 minutes., After the addition was
complete (the resulting homogeneous solution had a yellow=orange
color), a solution of 0,34z citronellol methyl ether (3 mmol) in
2 ml CH2012 was added slowly, After 1 hour at OOC, the ice bath
was removed and stirring continued for 1 1/2 hours at r.t. The
reaction was quenched with H,0 and filtered through Celite to re-
move red Se° (washed with ether), The organic phase was washed

once with 1:1 4% NaOH/brine, once with 5% HCl, once with brine and
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dried. Filtration and evaporation gave 0.65g of a thick yellow

0il which was purified by preparative tlc (2000 microns silica gel
eluted with 30% EtOAc/hexanes). The major fraction (22), a yellowish
0il with Rf = 0.5 (35% EtOAc/hexanes), was identical with authentic

12 2na weighed 0.365 (53%); ir (film) 3280

allylic sulfonamide
(N-H); 2920, 2870 (0-H), 1600, 1450, 1330 (802). 1160 (SOZ)' 1115,
1095 and 6665 cm™ s nmr (CHCl,) § 7.2 -7.8 (4H, q, aromatic), 5.2

(1H broad T, olefinic), 4.9 (4, N-H), 3.3 (4H, m, CH,-N and CH20).
3.25, (3H, s, -0CH,), 2.4 (3H, s, aromatic -Ci;) and 2.0 -0.9 (8H,

m). The minor product 23 (Rf = 0.72 (35% EtOAc/hexanes)), a

yellow o0il which slowly deposited red Seo, weighed 90 mg (14%); nmr

d (CHClB) 5,35 (3/4 H, broad t, olefinic), 5.00 (1/4 H, d, olefinic),
3.9 (24, d of t, -Se-CH,- ), 3.25 (3H, s, -0CH,) and 2.1 -0.9 (8H,

m).

Reaction of 17 with Q—Pinene

To a solution of 17 in CH,Cl, at 0°C prepared under the same
conditions described above was added a solution of 0,2720z
@-pinene (2 mmol) and 0,1990 squalane (0,4706 mmol internal standard)

in 2 ml CHZCl The resulting solution was allowed to warm to r.t.

2.
over a period of 6 hours. The reaction was quenched with 5% NaOH,
filtered through Celite (washed with ether). The organic phase was

washed with brine and dried.

Glpc analysis of the product showed the presence of the allylic
sulfonamide of‘%;pinene (gj))tr = 6.4 minutes (6' 3% 0V-17 on 80/100
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mesh Gas Chrom Q at 230°C, calculated yield 4%), a trace of the
rearranged sulfonamide 26 (tr = 7.7 minutes) and Irans-pineneol
24 (t. = 1.4 minutes, 6' 3% OV-17 on 80/100 mesh Gas Chrom Q at
160°C, 45% yield). The product identities were confirmed by co-

injection as well as tlc comparison with authentic samples.

Reaction of 17 with 2,3-Dimethylbutadiene

Under anhydrous conditions in 50 ml round-bottomed flask
equipped with a dropping funnel, a solution of 1.4 ml Se0C1,
(20.4 mmol) in 8 ml CH2012 was added, slowly (total time 10
minutes) and with stirring at 0°C (ice bath), to a slurry of 3.4z
p-toluenesulfonamide (19.8 mmol) and 5.5 ml Et3N (39,5 mmol) in
10 ml CH2012. The resulting solution was heterogeneous and
red-orange in color. After an additional 5 minutes, a solution of
2,3-dimethylbutadiene (0.8z, 10 mmol, Aldrich Chemical Co.) in
3 ml CH2012 was added slowly. After 2.5 hours, the reaction was
quenched with 10 ml H,0 followed by 25 ml 2% NaOH; after 10 minutes
of stirring at r.t., it was filtered through Celite (ether-EtOAc
wash) and taken up in 1:1 ether/EtOAc, which was washed twice with
2% NaOH, once with 10% HC1l, brine and dried. Filtration and
evaporation afforded 3.182 of a red-orange oil. This crude product
was chromatographed (175g alumina activity III, packed using 10%
EtOAc/hexanes; eluted with 25% EtOAc/hexanes; 100 ml fractions)
combination according to tlc gave 3 major products: N-(p-toluene-
sulfonyl) -4-amino-2, 3-dimethylbut-2-enol (28), 110 mg of an oil,
Rf (40% EtOAc/hexanes) = 0.54; ir (film) 3500, 3285 (OH and NH),

2920, 1595, 1430, 1320 (SOZ) 1160 (SOZ)’ 1090, 1050 and 910 cm-lz
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nmr (CHC13)£?.2 -7.8 (44, q, aromatic), 5.1 (1d, t, exchangeable
with 0,1N NaOD/D,0, N-H), 3.9 (2H, s, CH,-0), 3.55 (24, 4, CH,-N),
2.4 (3H, s, aromatic -CHB), 1.9 =1.75 (1H, broad s, exchangeable,
-0H), 1.7 (3H, s, vinyl -CH,) and 1.6 (3H, s, vinyl -CH;). N-
(p—toluenesulfonyl)-4-amino—2.3—dimethylbut-2~enyldiselenide

(29), 350 mg of a bright yellow oil, Rf = 0.31; ir (film) 3280
(NH), 2920, 1595, 1420, 1335 (502), 1160 (302), 1095, 1045, 910
and 815 cm’lz nmr (CH013)¢S 7.2 =7,8 (4H, q, aromatic), 5.4 =5.2
(1H, broad t, exchanzeable, N-H), 3.45 (4H, broad m, CH2-N and

CH.-Se) 2.4 (3H, s, aromatic -CHB) and 1.8 (6H, broad s, vinyl

2

-CH N-(Q—Toluenesulfonyl)-2-methyl—2-methyl—2—isopropenylaz—

3).
irdine (30), 370 mg of a yellowish oil, Rf = 0.5; ir (film) 2980
(c-H), 1595, 1495, 1450, 1385, 1325 (302), 1160 (SOZ)’ 1120, 1105,
1090, 1020, 955, 875, 820 and 715 cm™ '+ nmr (CHClg) § 7.2 7.9

(4H, q, aromatic), 4.9 (2H, d, isopropenyl = CH,), 2.75 (1H, s,
diastereomeric CHZ-V), 2.4 (4H, s, aromatic -CH3 and diastereomeric
Hzciy, addition of shift reagent caused shift 2 distinct singlets
in the ratio of 1:3), 1.9 (3H, s, vinyl CHB) and 1.85 (3H, 4,

vinyl CH3): (70ev) 251 (M+), 236 (M-15, loss of methyl), 155

(30207H7), 96 (base peak, C6H10N) and 91 (C?H7).

Acetylation of 28

Crude 28 (60 mg, 0.22 mmol) was dissolved in 2 ml dry pyridine
and 0.5 ml Ac20 added, After 2 hours at r.t., the reaction was
poured onto ice, extracted with 1l:1 EtOAc/ether, which was washed

once with 1:1 4% NaOH/brine, sat'd CuSC,, H,0 and dried. Filtration
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and evaporation gave 62 mg of N-(p-toluenesulfonyl)-4-amino-2,3-
dimethyl-but-2-enyl acetate as a yellowish oil (89%); ir (film)

3280 (N-H), 2920, 1735 (C=0), 1595, 1420, 1320 (0,), 1245 and

1160 (50,) em s nmr (CHC1;) § 7.2 -7.9 (bH, q, aromatic), 4.95

(2H, d, CH2-OAC) 4,6 (1H, broad, N=-H), 3.55 (2d, t, CHZ-N). 2.4

(3H, s, aromatic -CHB) 2.1 (3H, s, acetate), 1.75 (3H, s, vinyl-CHB)

and 1.65 (3H, s, vinyl—CHB).

N-(p-Toluenesulfonyl)-4-amino-2, 3-dimethylbut-2-enylbenzylselenide
(31)

To a 25 ml round-bottomed flask with a magnetic stirrer under
nitrogen containinz a solution of 29 (210 mg, 0.32 mmol) dissolved
in 5 ml absolute EtOH was added just enough NaBHu to completely
decolorize the solution, followed by 0.12 ml benzyl bromide (1 mmol).
After 1 hour at r.t., the reaction was taken up in ether and washed
with HZO’ brine and dried. Filtration and evaporation gave a light
yellow o0il which was extracted with small portions of pentane (to
remove excess benzyl bromide) leaving 180 mg of an oil., Purification
by preparative tlc (2000 micron silica zel eluted with 35% EtOAc/
hexanes) gave 70 mg of 31 (26%) as a thick oil; ir (film) 3280

(N-H), 2920, 1600, 1495, 1450, 1330 (SO
1

1050 em —: nmr (0H013) & 7.2 -7.9 (4H, q, aromatic), 7.15 (5H,

broad s, aromatic), 4.8 (1H, broad s, N-H), 3.7 (2H, 4, CHZ-N). 3.2

(2H, s, ~-CH,=-Se=-), 2.4 (3H, s, aromatic -CHB) and 1.6 (6H, broad

2

s, vinyl -CHB).
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Raney-Nickel Reduction of 29

To a 25 ml round-bottomed flask equipped with a magnetic
stirrer and a reflux condenser charged with 29 (100 mg, 0.15
mmol) in 5 ml absolute EtOH was added 1.0g activated Raney-
Nickel (ROC/RIC, washed with EtOH)., After 1 1/4 hour at reflux,
the reaction was cooled, filtered and extracted twice with 1:1
ether/EtOAc which was washed with HZO’ brine and dried.
Filtration and evaporation gave 32 (20 mg, 26%) which was identical

by nmr, ir and tlc comparison with an authentic sample,

Hydrogenation of 30

To a 25 ml round-bottomed flask containing 150 mg of crude
30 (0.6 mmol) in 4 ml EtOAc was added approximately 5 mg of
Adam's catalyst (Ptoz). After flushing 3 minutes with N, and
3 minutes with Hz. a constant pressure of 5 p.s.i. H2 was maintained
for 5 hours, The reaction was then filtered through Celite and
concentrated to give 84 mg of 32 (55%), which was identical with

an authentic sample,

N-(p-Toluenesulfonyl)-2,3-dimethylbutylamine (32)

A flask containing 0.36g 50% NaOH solution (4.5 mmol), 0,73g
TsNH,, (4,4 mmol) and 1.0g 2,3-dimethyl-l-butyltosylate (3.9 mmol,
prepared by reaction of 2,3-dimethyl-l-butanol (Aldrich Chemical

Co.) and TsCl in pyridine) dissolved in 8 ml DMF was heated at
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60°C for 6 hours., Water was added and the reaction mixture
extracted twice with CHCl3 which was washed once with HZO and
dried, Filtration and evaporation gave a clear oil still con-
taining some DMF. A portion of this crude product was purified
by preparative tlc (2000 microns silica gel eluted with 30%
EtOHc/hexanes) to give 32 as a clear oil, Rf (50% EtOAc/hexanes)
= 0,63 ir (film) 3290 (NH), 2960, 1595, 1400, 1320 (802), 1160
(S0,) and 1090 cm™: nmr (CHC1,) § 7.2 -7.9 (4, q, aromatic),
5,1 (1H, broad s, N-H), 2.8 (2H, m, CH2-N) 2.4 (3H, s, aromatic
-CH

1.8 -1,2 (24, m, R,CH -CHRZ) and 0.8 (éH, m, -CH3)'

30 2

Anal, Caled for 013H21N028: C, 61.14; H, 8.,29; N, 5,49,

Found: C, 61,18; H, 8,49; N, 5.28,

Reaction of 17 with 2,3-Dimethylbutadiene in the Presence of

TSNH2

2, 3-Dimethylbutadiene (0.41g, 5 mmol) was added to a solution
of 17 at -10°C (ice/EtOH) prepared as previously described using
the following amounts of reagents: 1.37 ml SeOCl, (20 mmol), 5.l4g
TSNH2(30 mmol) and 5.7 ml EtBN (40 mmol) in a total of 50 ml CH.Cl,.
After stirring overnight while allowing to warm to r.t., the
reaction was quenched with H,0 and stirred for 1/2 hour, then
poured into a mixture of 50 ml 1:l ether/EtOAc and 50 ml 2%

NaOH. After filtering through Celite, the organic phase was washed
once with 2% NaOH, brine and dried. Filtration and evaporation

gave a dirty yellow-orange solid which was chromatographed on
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300g of alumina (activity III) packed using 30% EtOAc/hexanes.
Elution with 1.0 1 30%, 500 ml 35%, 500 ml 40%, 500 ml 45% and
finally with 60% EtOAc/hexanes (approximately 200 ml collected
per fraction) gave, after identification and combination of
fractions by tlc, 200 mg 29 (14%, identical to the previously
isolated sample), 150 mg 30 (12%, identical to the previously
isolated sample) and 920 mg 33, which was recrystallized from
acetone/cyclohexane in 2 crops to afford a total of 880 mg of white
crystals (42%), mp 113°C; ir (KBr pellet) 3330 (NH), 2995, 1595,
1450, 1420, 1335, 1315 (802), 1305, 1290, 1120 (SOZ)’ 1115, 1090,
1050, 835 and 825 cm™t: nmr (CHClj) § 7.2 -7.8 (8H, two over-
lapping q, aromatic), 5.5 (1H, t, N-H), 5.15 (2H, s, =CH,), 3.55
(2H, 4, CH2—N), 2.6 (1H, s, diastereomeric HZC:§), 2.4 (4H, s,
aromatic -CH3 and diastereomeric Hzciy, can be separated by shift
reagent into 2 singlets in the ratio 1:3) and 1.7 (3H, s, methyl).

Anal., Calcd for 020H24N20482‘ C, 57.12; H, 5.753 N, 6.66,
Found: C, 57.06; H, 5.75; N, 6,44,

Hydrogenation of 33

To a 25 ml round-bottomed flask containing 200 mg 33 (0.48
mmol) in 10 ml EtOAc was added approximately 5 mg Adam's catalyst,
After flushing with N2 for a few minutes followed by a H2 flush,
a constant H2 pressure of approximately 5 p.s.i. was maintained
for 10 hours. The reaction was then filtered and concentrated to

give 210 mg of a white solid which was recrystallized from acetone/
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cyclohexane to give 194 mg of N, N'-di-(p-toluenesulfonyl)-1,4-
diamino-2, 3-dimethylbutane (96%), mp 124 -125°C, identical in all

respects to an authentic sample (including mixed mp).

N, N'-Di-(p-toluenesulfonyl)-1,4-diamino-2,3-dimethylbutane,

A mixture of 1.0g (2.3 mmol) of the ditosylate prepared from
2,3-dimethyl-l.h-butandiol55c and 0.5g sodium azide (7.7 mmol)
was heated in 15 ml DMF at 60°C for 6 hours. Thre reaction was
quenched with water and extracted once with 1:1 EtOAc/ether which
was washed three times with HZO' once with brine and dried.
Filtration and evaporation zave 280 mg of a yellowish oil which
was immediately redissolved in dry ether under N2 and reduced
with excess LiAlHu at 0° (ice bath). After 1 hour, the reaction
was quenched with 1,0g TsCl (5.26 mmol)., After stirring over-
night, water was added and extracted once with 1:1 EtOAc/ether
which was washed twice with H20. once with brine and dried.
Filtration and evaporation gave a yellowish solid which was
recrystallized from acetone/cyclohexane to give 81 mg of white
crystals (8%), mp 124 -125°; ir (KBr pellet) 3270 (NH), 2900,
1595, 1420, 1325 (S0,), 1155 (S0,), 1090, 1050 and 820 cm T :nmr
(CHClB) § 7.2 -7.9 (84, q, aromatic), 5.0 (2H, broad s, NH),

2.85 (4H, m, CH,-N), 2.4 (6H, s, aromatic -CHB)' 1.85 (2H, m,
RZCH -CHR2). 1.7 (6H, t, —CHB)'

Anal. Caled for C,.H,oN,0,S,t+ C, 56.57; H, 6.65; N, 6,60.

Found: C, 56.37; H, 6.71; N, 6,48,
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Reaction of TsN=Se=NTs with Dienes-1,2-Diamination of 1, 3-Dienes

Selenium Tetrachloride/p-Toluenesulfonamide Reagent-Reaction with

2,3-Dimethylbutadiene

A suspension of 0,56g SeCl), (2.5 mmol, ROC/RIC) and 0.87z
TsNH, (5.1 mmol) in 5 ml CH,Cl, was prepared in a 25 ml three-
necked round-bottomed flask equipped with a dropping funnel and
a magnetic stirrer under anhydrous conditions. A solution of

1.42 ml Et.N (10,2 mmol) in 5 ml CH Cl, was added, slowly (total

3 2
time 10 minutes) with stirring and cooling (ice bath). Ten

minutes after the addition was complete, 2,3-dimethylbutadiene
(210 mg, 2.5 mmol) in 1 ml CH2012
yellowish-brown solution, After 5 hours (with zradual warming

was added to the resulting

to r.t.), the reaction was quenched with HZO and filtered through
Celite (wahsed with ether). The organic phase was washed with

H.,0, brine and dried. Filtration and evaporation left 1,24z of

2
a yellowish solid consisting mostly of TsNHz. After preliminary
column chromatography (25z silica gel; eluted with 20% EtOAc/
hexanes), the residual yellow oil (650 mg) was purified by
preparative tlc (2000 micron silica gel eluted with 30% EtOAc/
hexanes)., The major product isolated (150 mg crude), Rf (30%
EtOAc/hexanes) = 0.39, upon recrystallization from CHClj/hexanes.
was identified as N,N'-di-(p-toluenesulfonyl)-3,4-diamino-2, 3-
dimethylbut-l-ene 41 (21 mg, 2%), mp 13600; ir (10% in CHClB) 3280
(NH), 2920 (CH), 1595, 1410, 1330 (302), 1150 (302). 1090 and

1

910 cm ": nmr (CHClB) § 7.2 -7.9 (8H, two overlapping q, aromatic),
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5,65 (14, s, exchanged with 0,1N NaOD/Dzo, N-H), 5.4 (1H, t,
exchanged with 0,1N NaOD/DZO, N-H), 4.9 (2H, 4, isopropenyl
CHZ), 3.1 (2H, d of d, collapses to d with base, diastereomeric
R—CHz-N), 2.4 (6H, s, aromatic -CHB), 1.5 (3H, s, -CHB) and 1.3
(3H, s, -CHB)'

Anal. Calcd for C,,i,.N,0,S,: C, 56.85; H, 6,20; N, 6.63; 0,
15.14, Found: C, 56,.76; H, 6,28; N, 6,40; 0, 15.31.

Selenium Metal/Chloramine-T Reagent-Reaction with 2,3-Dimethylbutadiene

The reagent was prepared in a 25 ml round-bottomed flask under
anhydrous conditions by stirring a mixture of 0.47g selenium metal
(6 mmol, dried in vacuo 80°C, ROC/RIC) and 2.6z anhydrous chloramine-
T (11,4 mmol, dried in vacuo at 80°C, Aldrich Chemical Co. (sold

as the trihydrate)) in 16 ml CH Cl, at r.t. for 22 hours. The

2
resulting white slurry was cooled to 0% (ice bath) and 0.41g of

2,3-dimethylbutadiene (5 mmol) addes, After 6 hours (with zradual
warming to r.t,), the dark grey-brown suspension was quenched with

H,0 and filtered through Celite (washed with ether). The organic

2
phase was washed once with H20. brine and dried, Filtration and
evaporation gave a yellowish solid which was purified by column
chromatography (60g silica gel; packed with hexanes, eluted with
100 ml: 5% EtOAc/hexanes, 10%, 20%, 20%, 50%, 100% EtOAc; 50 ml
fractions). Concentration of appropriate fractions (identified

by tlc) gave 0.45z of the disulfonamide contaminated with TSNHZ.

This crude product was dissolved in EtOAc, washed twice with 5%
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NaOH and dried., Filtration and evaporation gave a white solid
which was recrystallized (CHClB/hexanes) to give 85 mz (4%) N,N'-

di{p-toluenesulfonyl)-3,4-diamino-2, 3-dimethylbut-l-ene (41).

1l,2-Diamination of 2,3-Dimethylbutadiene (Seo/bhloramine-T/TsNH

2

Reagent

Under anhydrous conditions, a 100 ml round-bottomed flask with
a magnetic stirrer was charged with 1.08g Se® (13.6 mmol), 5.69g
anhydrous chloramine-T (25 mmol) and 2.1l4g p-toluenesulfonamide

(12.5 mmol, dried in wvacuo at 80°C) in 50 ml CH,C1l, (for a total
=i Xab v 2

2
of 12.5 mmol of reagent). After stirring at r.t. for 20 hours,

the resulting suspension had a distinct silver-grey luster which

was different from the reagent generated without TSNHZ. 2,3-Di-
methylbutadiene (0.82z, 10 mmol) was added and the stirring continued
overnight. Water (20 ml) was added and, after 15 additional minutes,
the dark reaction mixture was poured into a mixture of 100 ml 1:1
EtOAc/ether and 100 ml 1:1 4% NaOH/brine, After filtering throuch
Celite, the orzanic phase was washed twice with 1:1 4% NaOH/brine,
once with brine and dried, Filtration and evaporation gave 4,88g

of crude product. Column chromatography (300g alumina, activity

III (6% H,0 by weight added to activity I) packed with 20% EtOAc/
hexanes; eluted with 500 ml: 30%, 40%, 50%, 60%, 70%; 200 ml
fractions) and concentration of appropriate fractions (identified

by tle) gave 2.95g of N,N'-di-(p-toluenesulfonyl)-3,4-diamino-

2,3-dimethylbut-l-ene 41, Recrystallization (CHClj/hexanes) gave
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2.88z (total of 2 crops) of pure product (68%).

1,2=Diamination of 1,3-Cyclohexadiene

In the exact manner previously described, 10 mmol of 1,3-
cyclohexadiene (0,80g, Aldrich) was added to 12,5 mmol of previously

generated Seo/chloramine-T/TsNH reagent in 50 ml CH2012. After

2
column chromatography (same conditions), 1.23g of crude product was
obtained., Recrystallization (CHClB) gave 1,20z (total of two crops,
29%) of N,N'-di-(p-toluenesulfonyl)-1,2-diaminocyclohex-3-ene 4k,
Rf (60% EtOAc/hexanes) = 0.43, mp 158 -159°C; ir (10% in CHCl3) 3360
(NH), 3020, 2920, 1595, 1420, 1335 (802). 1290, 1160 (802), 1090,
1000, 960 and 895 em™ 1 nmr (CHClB) § 7.2 -8.0 (8H, two over-
lapping q, aromatic), 5.75 (2H, two overlapping d, exchanged with
0.1N NaOD/DZO. N-H), 5.6 and 5.0 (24, m, olefinic), 3.45 (1H, m,
allylic RZCH-N) 3.25 (1H, m, RZCH-N). 2,35 (6H, s, aromatic ~CH3)
and 2,2 -1,2 (4H, m, ring H).

Anal. Calcd for C,oH, N50,S,8 C, 57.123 H, 5.75; N, 6.66; 0,
15,22, Found: C, 57.13; H, 5.86; N, 6,765 0, 15.25.

Nmr decoupling results (CHCl3 containing 0.1N NaOD/Dzo):
irradiation of the multiplet at 5.55 caused collapse of the multiplet
at 3.45 to a doublet, J = 4 Hz (measured at a sweep width of 400

Hz). Little change in the multiplet at 3.25 was observed,

cis-N,N'-Di-(p-toluenesulfonyl)-1,2-diaminocyclohexane 44a

(Hydrogenation of 44)
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To a 25 ml round-bottomed flask containing 44 (250 mg, 0.59
mmol) dissolved in 8 ml EtOAc was added 3 mg PtO2 (Adam's catalyst).
After flushing 3 minutes with N2 and 3 minutes with HZ' a con=-
stant H, pressure of 5 p.s.i., was mantained for 6 hours. After
filtering through Celite and concentration, 264 mg of a white
solid was obtained. Recrystallization from CHCl3/hexanes gave
243 mg 4la (97%), mp 168-169°C, identical in every respect to

an authentic sample (including mixed mp).

cis=N,N%Di-(p-toluenesulfonyl)-1,2-diaminocyclohexane (44a)

In a 50 ml Erlenmeyer flask, 250 mg of cis-1l,2-diaminocyclo-

hexane-ZHClh? (1.3 mmol) was dissolved in a ccoled mixture of
2 ml ethyldiisopropylamine and 20 ml pyridine (stored over KOH) .
p-Toluenesulfonyl chloride (1.5g, 7.9 mmol) was added and the
reaction left at r.t. overnight, After pouring onto ice, the
resulting white precipitate was collected, washed with HZO and
dried. Two recrystallizations from CHClB/hexane gave 430 mg
(76%) of Lha, Rf (50% EtOAc/hexanes) = 0,46, mp 168-169°C;
ir (10% in CHC1,) 3280, 3020, 2940, 2860, 1595, 1450, 1415, 1330
(S0,), 1155 (S0,), 1090, 1000 and 985 cm™ s nmr (CHC1,) § 7.2-7.9
(84, two overlapping q, aromatic), 5.65 (2d, d4, N-H), 3.15 (2H, m,
chH—N), 2.4 (6H, s, aromatic —CHB) and 1.35 (8H, m, ring H).

Anal. Calcd for C,H,¢N,0,S,53 C, 56.85; H, 6.20; N, 6.63; 0,
15.14, Found: C, 56.57; H, 6,363 N, 6.42; 0, 14.95,
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trans-iN,N'-Di-(p-toluenesulfonyl)-1,2-diaminocyclohexane 44D

or Ul

In the same manner, 250 mg (1.3 mmol) of trans-1,2-diaminocyclo=-
hexane +2HC1l was ditosylated with 1,52 TsCl (7.9 mmol) in 2 ml
ethyldiisopropylamine and 20 ml pyridine. Recrystallization (CHClB/
hexanes) of the crude product gave 512 mg (91%) of the trans isomer,
Rf (50% EtOAc/hexanes), = 0.60 mp 181 -185°C; ir (10% in CHC1,)

3250 (NH), 2930, 1595, 1385, 1330 (S0,), 1160 (S0,), 1080 and

900 em™ s nmr (CHClj) § 7.2 -7.9 (8H, two overlapping q, aromatic),
5,1 (2H, d4, N=H), 2.9 (2H, broad s, RZCH-N), 2.4 (6H, s, aromatic
-CHB) and 2,0 -1.0 (8H, m, ring H).

1,2-Diamination of Cyclopentadiene

In the same manner and scale described for 2,3-dimethylbutadiene,
cyclopentadiene (0.66g, 10 mmol, bp 40°c, freshly prepared from
the thermal cracking of the commercial dimer (Eastman Organic
Chemicals) at 170°C and stored at -78°C until used) was added to
12.5 mmol of the Seo/chloramine-T/TsN}{2 reagent. Column chroma-
tography (300g alumina activity III, packed with 25% EtOAc; eluted
with 500 ml: 30% EtOAc/hexanes, 40%, 5 x 50%, 55%; 200 ml fractions)
gave 1.792 of crude disulfonamide., Recrystallization (CHClB/
hexanes) gave 1.62z (total of 2 crops, 40%) of cis-N,N'-di(p-
toluenesulfonyl)-3,4-diaminocyclopentene, Rf (60% EtOAc/hexanes)
= 0.5, mp 142,5°C; ir (10% in CHClj) 3300, 2920, 1595, 1490, 1410,
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1340 (S0,), 1160 (S0,), 1120, 1090, 1040, 965, 940 and 905 cm™t,
nmr (CHClB) § 7.2 -7.9 (8H, two overlapping q, aromatic), 5.9
(2H, overlapping d, exchanzed with 0.1N NaOD/Dzo. N-H), 5.7
and 5.3 (2, m, olefinic), 41 (1H, m, allylic RZCH—N). 3.9 (14, m,
RZCH-N) 2.4 (6H, s, aromatic -CHB) and 2.4 -2.2 (2H, m, ring H).
The cis stereochemistry is assumed by analogy with the case of
1,3-cyclohexadiene.

Anal, Caled for 019H24N20482! C, 55.86; H, 5.92; N, 6.86;
0, 15.66, Found: C, 56,56; H, 5.563 N, 6.,61; 0, 15.69,

Attempted 1,2-Diamination of 1, 3-Cyvclooctadiene

In the same manner and scale described for 2, 3-dimethylbutadiene,
1,3-cyclooctadiene (1.08g, 10 mmol, Aldrich Chemical Co., freshly
distilled (80°C at 100 torr) before use) was added to 12,5 mmol of
the Seo/chloramine—T/TsNH2 reagent. Column chromatography (300g
alumina activity III, packed with 15% EtOAc/hexanes; eluted with
500 ml: 20%, 30%, 35%, 40%, 45%, 60%, 75%; 200 ml fractions) cave
1.552 of crude product. Recrystallization (CHClB/hexanes) zave
1.43g (total of 2 crops, 52%) of 5-(p-toluenesulfonylamido)-1,3-
cyclooctadiene, Rf (50% EtOAc/hexanes) = 0,41, mp 113 -114°C; ir
(10% in CHClB) 3370, 3260, 2930, 1595, 1445, 1405, 1330 (302), 1305,
1290, 1160 (S0,), 1095, 1070, 1050 and 900 cm™': nmr (CHC14)§ 7.8
-7.2 (44, q, aromatic), 5.65 (3H, m, olefiniec), 5.15 (14, m, olefinic),
4,1 (1H, 4 of t, allylic chH-N). 2.4 (34, s, aromatic _CH3)’ 2.15

(2H, m, allylic ~CH2-) and 1.8 -1.2 (4H, m, ring H).
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Anal. Caled for C NSOzs ¢, 64,95, H, 6,90; N, 5.05.

1519
Found:s C, 64,673 H, 7.03; N, 4.77.

1,2-Diamination of Isoprene

In the same manner and scale described for 2,3-dimethylbutadiene,
isoprene (0.68g, 10 mmol, Aldrich Chemical Co., freshly distilled
(bp 30°C) before use) was added to 12.5 mmol of the se®/chloramine-
T/TsNH2 reagent. Column chromatography (3002 alumina activity III,
packed 25% EtOAc/hexanes; eluted with 500 ml: 30%, 35%, 40%, 2 x
50%, 60%, 2 x 75%; 200 ml fractions) gave two major products, A
(350 mg of yellowish semisolid, Rf (60% EtOAc/hexanes) = 0.72)
and B (1.60g of yellowish solid, Rf (60% EtOAc/hexanes) = 0.63).

A was purified by preparative tlc (2000 microns silica gzel eluted
with 50% EtOAc/hexanes) to give 160 mg (8%) of N,N'-di-(p-toluene-
sulfonyl)-3,4-diaminobut-l-ene; ir (film) 3370, 3000, 2950, 1595,
1500, 1420, 1390, 1340 (SOZ)' 1160 (502), 1105, 1060 and 830 cm-lz
nmr (CHClB) § 7.2 -7.8 (84, two overlapping q), 5.7 (1H, s, exchanged
with 0,1N NaOD/D,0, N-H), 5.7 -4.9 (3H, m, -CH=CH,), 5.1 (14, t,
exchanged with 0,1N NaOD/DZO, N-H), 3.1 and 3,0 (2H, both broad
s, diastereomeric -CHZ-N), 2.4 (3H, s, aromatic CHB) and 1,25
(3H, s, CHB)'

Recrystallization (acetone/CClu) of B gave 1,06g (total of 2
crops, 26%) of N,N'-di-(p-toluenesulfonyl)-2-methyl-3,4-diaminobut-
l-ene, mp 144 -145903 ir (10% in CHClB) 3300, 2920, 1595, 1405,

1330 (S0,), 1305, 1160 (S0,), 1090 and 910 em™ s nmr (CHC1,)
4 7.2 -7.8 (8H, q, aromatic), 5.65 (1H, d, exchanged with 0.1N
Na0OD/D,0, N-H), 5.3 (1H, %, exchanged with 0.1N NaOD/D,0, N-H),
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4,75 (2H, broad s, isopropenyl =CH2), 3.7 (1H, d of %, allylic
RZCH-N), 3.05 and 2.95 2H, m (collapses to 4 of d in base),
diastereomeric -CHZ-N), 2.4 (6H, s, aromatic _CHB) and 1.45 (3H,
s, isopropenyl -CH3).

Anal., Calcd for 019H24N204323 C, 55.863 H, 5.92; N, 6,86;
0, 15.66. Founds C, 55.793 H, 5.83; N, 6.66;3 0, 15.92.

1l,2-Diamination of 2-Phenyl-1l,3-butadiene

In the same manner and scale described for 2,3-dimethyl-
butadiene, 2-phenyl-1l,3-butadiene (1.30g, 10 mmol, prepared by
literature methods,56 bp 60°C at 17 torr) was added to 12,5 mmol
of the Seo/chloramine-T/TsN}{2 reagent, Column chromatography
(300g alumina activity III, packed with 20% EtOAc/hexanes; eluted
with 500 mls 30%, 35%, 40%, 2 x 50%; 200 ml fractions) gave two
major products, A (390 mg of yellowish semisolid, Rf (50% EtOAc/
hexanes) = 0.54 and B (2.13g of white solid, Rf (50% EtOAc/
hexanes) = 0,44,

A was purified by preparative tlc (2000 microns silica gel
eluted with 50% EtOAc/hexanes) to give 300 mg (8%) of N,N'-di-
(p-toluenesulfonyl)-3-phenyl-3,4-diaminobut-l-ene; ir (film)
3280 (NH), 3040, 2950, 1595, 1500, 1450, 1340 (802)' 1225, 1160
Yo nmr (CHC1,) § 7.2 =7.9 (8H, two

(so 1100, 905 and 830 cm”

2).
overlapping q, aromatic), 5.9 (1H, s, exchanged with 0.1N NaOD/
D,0, N-H), 5.4 (1H, t, exchanged with 0.1N Naon/Dzo. N-H), 4.9

-5.9 (3H, m, R—CH=CH2). 3.4 and 3.3 (2H, overlapping d, diastereomeric
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-CHz-N) and 2.4 (6H, s, aromatic —CHB).

B was recrystallized (CHClB/hexanes) to give 2.05z (45%) of
N,N*'-di-(p-toluenesulfonyl)-2-phenyl-3,4-diaminobut-l-ene, mp
157003 ir (10% in CHClB) 3350 (N-H), 2980, 2920, 1595, 1490, 1400,
1335 (S0,), 1305, 1160 (S0,) 1090 and 815 em™ s nmr (CHC1,) § 7.0
-7.8 (8H, two overlapping q, aromatic), 6.9 (1H, t, exchanged with
0.1N NaOD/D,0, N-H), 5.7 (1H, d, exchanged with 0.1N NaOD/D,0, N-H),
5.2 (2H, broad s, =CH2). 4,3 (1H, m, collapses in base to t, allylic
R,CH-N), 3.05 (2H, m, dollapses in base to two overlapping d at
3,1 and 3,0, diastereomeric -CHz-N) and 2.4 (6H, s, aromatic -CHB)'

Anal, Calcd for C, H,N,0,S,1 C, 61.25; H, 5.573 N, 5.95.

Found: C, 60,973 H, 5.74; N, 5.65,

1,2-Diamination of 1-Vinyl-l-cyclohexene

In the same manner and scale described for 2,3-dimethyl-
butadiene, l-vinyl-l-cyclohexene (1.08z, 10 mmol, prepared by
literature methodss?, bp 86 -91°C at 130 torr) was added to 12.5
mmol of the Seo/chloramine-T/TsNH2 reagent, Column chromatography
(300 g alumina activity III, packed with 25% EtOAc/hexanes: eluted
with 500 ml: 30%, 35%, 40%, 45%, 3 x 50%; 200 ml fractions) gave
two major products, A (275 mg of yellowish oil, Rf (60% EtOAc/
hexanes) = 0,67) and B (1.83z of white solid, Rf (60% EtOAc/

0.6).

]

hexanes)
A was recrystallized (CHClB/hexanes) to give 175 mz (4%) of
yellowish crystals of N,N'-di(p-toluenesulfonyl)-1,2-diamino-

(1-cyclohexenyl)ethane, mp 99 -106°C; ir (10% in CHClj) 3300 (NH)
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2930, 1395, 1330 (50,),1305, 1195, 1160 (S0,), 1090 and 945 cm™l
nmr (CHClB) § 7.1 -7.9 (8H, two overlappinz q, aromatic), 5.75
(1H, s, exchanged with 0,1N NaOD/DZO, N-H), 5.4 (14, t, exchanged
with 0.1N NaOD/D,0, N-H), 5.1 (1H, t, olefinic), 3.6 (1H, m, allylic
RZCH—N), 3.0 (2H, m, diastereomeric -CHz-V), 2.4 (6H, s, aromatic
_CHB) and 1.9 -1.1 (8H, m, ring H).

B was recrystallized (CHCl3/hexanes) to give 1.73 (total of
2 crops, 37%) of N,N'-di-(p=-toluenesulfonyl)-1l,2-diamino-1-
vinylcyclohexane, mp 151 -154°C; ir (10% in CHCIB) 3300, 2930,
2860, 1595, 1450, 1400, 1330 (302), 1305 1160 (802), 1090, 995 and

9130 em™t

t nmr (CHClB) § 7.1 -7,9 (84, two overlapping q, aromatic),
5.7 (2H, m, exchanzed with 0,1N NaOD/DBO. overlapping N-H), 4,75

-5,8 (34, m, -CH:CHZ), 3.0 (1H, 4 of t, collapses in base to %,

R2CH-N) 2.4 (6H, s, aromatic _CHB) and 1.7 -1.0 (8H, m, ring H),
Anal, Calecd for CZZHZSNZOUSZS Cc, 58,90; H, 6.29; N, 6,24,

Founds C, 58,61; H, 6.36; N, 5.82.

Allylic Amination of Cyclohexene with Seo/Chloramine-—T/'TsNH2

The following stock solutions of TsN=Se=NTs were prepared in
the usual manner; I 1.08g Se® (13.7 mmol), 5.69g (25 mmol) anhydrous
chloramine-T and 2,14g (12,5 mmol) TSNH2 in 50ml CH2012 (12.5
mmol) reagent, 2.5M in TsN=Se=NTs and TsNH,), II 1.08gz Se° (13.7

mmol) and 5,692 (25 mmol) chloramine-T in 50 ml CH 012 (12.5 mmol

2
reagent, 2.5M in TsN=Se=NTs). In six separate 25 ml round-bottomed
flasks with magnetic stirring under anhydrous conditions, the

followinz was added:
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Experiment A (reagent: olefin = 0.63) 10 ml I 0.593g
cyclohexene (7.22 mmol), 0.067g n-Coufigy (0.196 mmol); Experiment
B (reagent: olefin = 1,25): 10 ml I, 0.342g cyclohexene (4,16
mmol), 0.038g 2-024H50 0.113 mmol); Experiment C (reagent: olefin
= 0.63)s 10 ml II, 0,629 cyclohexene (7.66 mmol), 0'0715-9“024H50
(0,108 mmol); Experiment D(reagent: olefin = 1,25): 10 ml II,
0.324z cyclohexene (3.94 mmol), 0.036glg—024H50 (0.107 mmol);
Experiment E (reagent: olefin = 0,63): 10 ml 1I, 0.86g TSNH2 (50 mmol),
0.611lg cyclohexene (7.44 mmol), 0.069 3;024H50 (0.202 mmol); Experiment
F (reagent: olefin = 1.25): 10 ml 1I, 0.86g TsNH, (5.0 mmol), O.324g
cyclohexene (3.94 mmol), 0.036g Q-Czuﬁ50 (0,107 mmol), After 24
hours at r.t., approximately 10 drops were removed from each of
the reaction mixtures and dissolved in a mixture of 1 ml EtOAc, 1
ml H,O0 and 1 ml brine. Glpc analysis of the organic phase, 6°

2
3% 0V-17 on 80/100 mesh Gas Chrom Q, 24000, tr (3-p-toluene-

1}

sulfonamidocyclohexene) 5.1 minutes, tr(n—024H50)= 3.1 minutes)

gave the following yields of allylic sulfonamide: Experiment A

= 40%, Experiment B = 64%, Experiment C 37%, Experiment D =
54%, Experiment E = 35% and Experiment F = 56%. The presence of
allylic sulfonamide in Experiment A was confirmed by glpc co-

injection and tlc comparison with an authentic sample.

Reaction of 1,3-Cyclohexadiene with Seqziin Aqueous tert-BulH

In a 50 ml Erlenmeyer flask, a mixture of 0.56g Se02 {5.04
mmol, 99.5% purity, ROC/RIC) and 0.40g 1,3-cyclohexadiene (5 mmol)

in 15 ml 90% tert-BuOH/10% H,0 was stirred at r.t. for 24 hours.
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five ml H20 was added and the reaction mixture extracted overnight
with 75 ml CH2012 in a continuous liquid - liquid extractor (Lab
Glass, Inc.). The CH,Cl, was separated, dried, filtered and
evaporated to yield a yellow oil (1.14g) containing some red Se°,
Column chromatography (50g silica gel, packed with 50% EtOAc/
hexanes; eluted with 60% EtOAc/hexanes; 40 ml fractions) gave

only two compounds.

The major product (0.35g, Rf (EtOAc) = 0.47),aysllow oil, was
tentatively identified as 3-(cyclohexen=4-0l)-Lb-cyclohexen-3-0l)
selenide 46a (52%, 63% based on Seoz); ir (film) 3350 (broad band,
OH), 3330, 2920 (CH), 1430, 1380, 1335, 1265, 1230, 1155, 1060, 1010,

960, 900 and 735 cm Y: nmr (CHC1.+ D,0) & 5.75 (4H, m, olefinic),

3
4,25 (1H, m, allylic R20H—O), 3.9 (24, m, overlapping allylic R20H
-Se, R20H-0). 3.1 (1H, m, R20H~Se) and 2,4 -1.6 (8H, ring H). The
minor product (0.12g, Rf (EtOAc) = 0.34 ), a clear oil, was identified
on the basis of special comparison with the published data50 as
cis-3,4-dihydroxycyclohexene 44 (21%, 66% based on Se02): ir (f£ilm)
3400 (broad band, OH), 3030, 2920, 1450, 1435, 1395, 1230, 1210,
1155, 1080, 980, 880 and 735 em™+ nmr (CHCl, + D,0) § 5.8 (2,
m, olefinic), 4.1 (1H, m, allylic RzH-O), 3.85 (1H, m, RZCH—O). 2.15
(2H, m, allylic "CHE') and 1.8 (2, m, ring H),

The dihydroxy selenide 46a (220 mg, 0.8 mmol) was dissolved
in 5 ml pyridine and 2 ml A020 added with cooling. After standing
overnizht at OOC, it was poured onto ice. The resulting mixture
was extracted once with ether, which was washed once with 1:1 ice/

concentrated HC1, HZO and dried, Filtration and evaporation gave

214 mg of 46b (74%) as a yellow oil; ir (film) 3030, 2930, 1740
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(acetate), 1430, 1370, 1240, 1040, 945, 900 and 735 cm *i nmr (CHC1,)
§ 5.45 -6.1 (2H, m, olefinic), 5.35 (1H, m, allylic R,CH-OAc),
5.1 (1H, m, RZCH—OAC), L,0 (1H, m, allylic chH—Se). 3.35 (1H, m,

R.CH-Se), 2.4 -1.8 (84, m, ring H), 2.15 (3H, s, =OAc) and 2.10

2
(3H, s, -0OAc): ms (70 ev) showed no molecular ion, base peak at

m/e 80 (SeBO). no major peaks (7 20% base peak ) between 100-357
mass units.

The diol 44 (340 mg, 2,98 mmol) was hydrogenated overnight
using Pt0, (Adam's catalyst) in 10 ml EtCAc at 5 p.s.i. H,, After
filtering through Celite, the solvent was evaporated leaving a
yellowish oil (340 mz, 98% crude). Tlc of this crude product showed
only the cis isomer (Rf = 0.40 (EtOAc)) and none of the trans
(Rf = 0.31 (EtOAc)). Two recrystallizations from ether gZave pure
cis-1,2-cyclohexane diol, mp 93 -9500, identical in all respects to

an authentic sample (including mixed mp).

Reactions of N-Alkoxycarbonyl Imido Compounds

Bis-tert-butoxycarbonylsulfurdiimide (50)

To a 50 ml Srlenmeyer flask containing 5.0g (42.7 mmol) tert-
butylcarbamate58 dissolved in 15 ml tert-BuOH was added 11 ml
(92.2 mmol) tert-butyl hypochlorite (Frinton Labs). After 2 hours,
brine was added and the mixture extracted with ether which was
washed with HZO and dried, Filtration and evaporation afforded
a yellowish oil, Distillation (31 -32°C at 0.5 torr) gave 5.44g

(68%) of N,N-dichloro-t-butylcarbamate; ir (film) 2980, 2930, 1755
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(carbamate), 1475, 1455, 1380, 1270, 1240, 1145 and 875 cm™t: nmr
(CHClB) § 1.45 (singlet),

A mixture of 0.5g (2.7 mmol) N,N-dichloro-t-butylcarbamate
and 0,047z (1.5 mmol) of sulfur in 10 ml benzene was refluxed for
8 hours in a 25 ml round-bottomed flask under anhydrous conditions.
After cooling to r.t., the solvent was removed under high-vacuum
and the dark residue kuzelrohr distilled (120 -130°C at 0.5 torr)
to give 0.25g (70%) of a very H,0 sensitive yellow o0il thought to
contain 50; ir (film) 2980, 2930, 1710 (carbamate), 1475, 1455,
1395, 1370, 1295, 1240 (N=3=N), 1050 (N=S=N), 845 and 775 cm—l.

Reaction of 50 with B-Pinene

E-Pinene (0.05 ml, 0.32 mmol) was added to a stirred solution
of 0.25g (0.95 mmol) of 50 in 10 ml benzene in a 25 ml round-
bottomed flask under anhydrous conditions. After stirring over-
night, the solvent was removed and the dark residue redissolved
in 10 ml 60% CHBOH made basic with 0,5g KZCDB’ After stirring
overnight, it was taken up in ether, which was washed once with
H20 and dried, Filtration and evaporation gave a yellowish semi-
solid, After removal of some tert-butylcarbamate, kugelrohr distilla-
tion (130°C at 0.5 torr) gave 16 mg (some decomposition occurred
during distillation, approximately 20% yield) of tert-butoxy-
carbonyl-3-amino-$-pinene as a light yellow oil; ir (film) 3360
(NH), 2980, 2930, 1700 (tert-butoxycarbamate), 1480, 1390, 1370,
1250, 1060 and 895 em™'s nmr (CHC1,) 6 4.9 (24, d, =CH,), 4.6
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(l}{. t' allylic RzCH-N)' 3.5 (lH:’ d’ N-}{.)’ 2.6 -’119 (51'{] m’ ring H)|
1.5 (14, d, bridgehead H), 1.45 (9H, s, tert-butyl), 1.3 (3H, s,

-CH3) and 0,85 (3H, s, —CHB)'
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Part II: Total Synthesis of d,l-Gabaculine

Introduction

The first part of this thesis discussed the chemistry and
synthetic applications of sulfur (IV) and selenium (IV) imido
compounds. Without doubt, the most important aspect of this area

182,b

is the allylic amination of alkenes by TsN=S=NTs or TsN=Se=

NTs:.L2 This new synthetic method directly introduces a nitrogen,
protected as the N-p-toluenesulfonyl derivative, in an allylic

position (Eq. 1). 1In the past, the synthetic strageties needed

NS X NHT (Eq. 1)

to create this type of functionality have relied on indirect,
multistep operations. In view of the potential scope of this
reaction, it was decided to apply the allylic amination sequence
to a total synthesis in order to demonstrate its overall utility.
Because we were not interested in the synthesis of any

particular natural product, it was important to choose a synthetic
target that would best demonstrate the advantazes and limitations
of the method. Since there is no natural product which contains

a2 p-toluenesulfonamide group (allylic or otherwise), it was particularly
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important that the target serve as a suitable test for the removal

of the N-p-toluenesulfonyl group in the presence of other functionality.
It was also desirable that the target would: 1) demonstrate that

the reagent is compatible with commonly found functional groups

2) show the positional and stereo-selectivity inherent in the re-
action 3) be a molecule of some interest and/or usefulness 4) be
relatively simple in structure, Below are shown a small sample of
typical natural products containing an allylic nitrogen and so

might be considered as possible candidates:

ev

Retronecine Pluviine Elaeokanine A
HOQOC

Lysergic Acid Alchornine
Ox /OH
CHSO AN ~
N H
CHZ0 HNar Ny N,
Ny
Acanthoine Gabaculine

0Of these compounds, the two which best fit the needs described

59 60

above were acanthoine and gabaculine, The latter would seem
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to be an excellent choice since it will be sensitive to both
oxidation (beinz a dihydrobenzene derivative) and reduction
(being a conjugated dienoic carboxylic acid)., Although it has no
stereochemistry per se, the allylic amination reaction on some
suitable unsymmetric cyclohexenyl precursor will involve both
positional and stereo-selectivity. It has practical advantages
in that the synthesis should be only a few steps, and that, as
will be discussed later, gabaculine is a subject of current
biochemical interest, It is with the total synthesis of d,1l-
gabaculine that this part of the thesis is concerned,

Gabaculine was first isolated (in an unspecified manner) from

a culture filtrate of Streptomyces toyocaensis subspecies 1039

by Mishima and coworkers in 19?6.60 It was an optically active

( oy = -4s4° (¢ = 1, HZO)) amorphous powder, and was assigned the
structure 1 on the basis of the following physical and chemical
data; mss MT 139.0642 (C?H9N02). irt 1650 em™t (conjugated

carbonyl group), uv:hma 275 nm (€=8600) (carbonyl conjugated

X
with a dienyl group) and nmr (Dzo): § 6.82 (1H, ABX multiplet,
«=-proton in a.{tﬁ—unsaturated carbonyl), 6,47 and 6,06 (2H, multiplet
(J = 9.5 Hz)' vicinal olefinic protons), 4.11 (1H, m, allylic

ring proton next to nitrogen) and 2.77 (2H, doublet of doublet,
allylic-”Hz—). Gabaculine also reacted with diazomethane to give

an ester (indicating the presence of a carboxylic acid group) and
gave a positive ninhydrin test (primary amino group). The

structure 1 was confirmed by the total synthesis of racemic material

(Scheme 1). The overall yield of d,l-gabaculine by Mishima's
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Scheme I
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method was approximately 20% (total of 7 steps).
COOH

H

*H
Gabaculine was found to bé'an inhibitor of Y-aminobutyrate
aminotransferase.60 This enzyme (m,w. 109,000, composed of two
nonidentical subunits) is directly involved in the metabolism of
¥ -aminobutyric acid (generally abreviated as GABA, from which
the name gabaculine is derived), an important inhibitory trans-

6la,b

mitter substance in the nervous system, In the presence of

the enzyme, GABA (derived from glutamic acid by glutamic acid
decarboxylase) and ¥-ketoglutaric acid are reversibly trans-
formed to succinate semialdehyde and l-glutamic acid (Eq. 1).

The equilibrium value (succinic semialdehyde) (l-glutamic acid)/

@) O @) o}
H. _
Ao O A onz oo\ Ao
O O o o N
H H

GABA 1—Kefogh-:'ror|c Succinate 1~<Glutamic Acid
Acid Semialdehyde -

(GABA) ( ¥ -ketuglutaric acid) = 0,1 at pH 7.4-8.8 (20-38°C).62

Although the exact mechanism by which GABA inhibits neural trans-

mission is still a subject of controversy,élb it is known that

excess GABA in the C.N.S. has anticonvulsant properties, whereas

a defiency leads to seizures.

¥Y-Aminobutyrate aminotransferase, isolated either from mouse
63a 63b

can be considered as a

brain or Pseudomonas fluorescens
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64

member of the general class of aminotransferases, This class
of enzymes all share a common mechanism (Scheme II) based on
condensation of covalently bound pyridoxal phosphate with an
amino group of the substrate., Enzyme - assisted rearranzement
to an imine (step 2) followed by proton transfer (step 3) gives
an intermediate which affords a carbonyl compound and a pyridoxamine
upon hydroysis. Recondensation (step 5) followinz the same sequence
of events in reverse finally results in a net exchanze of an amino
group for a carbonyl group. In the case of ¥-aminobutyrate amino-
transferase, these reactions are all stereospecific (synthetic
d,l-gabaculine has 1/2 the activity of natural l-zabaculine).

In view of the mechanism, it is not surprising that amino-
transferases are sensitive to inhibition by any reagent capable
of reacting with carbonyl or imino groups. Table 1 lists a few of
some nonspecific inhibitors of ¥-aminobutyrate aminotransferase,.
However, three compounds (ethanolamino—o—sulfate,65 4Y-aminohex-5-

g 67&) have been shown to be specific

ynoic acid and gabaculine,
irreversible Y-aminobutyrate aminotransferase inhibitors. The
mechanism of inhibition by these three compounds share a common
feature in that, in the process of catalytic turnover, some inter-
mediate produced from the initial compound by the enzyme is
irreversibly intercepted and thus "kills" the active site (these
types of compounds are also known as "sucide substrates“6?b’c).

Table 2 compares the effectiveness of these three compounds.
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Scheme 11
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Table 1

(Inhibiters of K—Aminobutyrate Aminotransferase)
(Taken in Part From Ref. 63a)

Compound Concentration (M) % Inhibition
Hg(OAc)2 10"6 85
cd(OAc)2 10"6 26
Zn(OAc)2 10‘6 0
KCN 1075 50
NH ,0H 2 x 10“5 50
NH ,0H 10“‘6 80

. -5
NH,NH,, 10 30
HSCHZCHzcozH 1.3 x 10'6 50
Table 2

(Specific Irreversible Inhibiters of
U;Aminobutyrate Aminotransferase)

Compound EL
Ethanolamine-0-Sulfate L,Lh x lOJ+M
4-Aminohex=-5-ynoic Acid 3.4 x 10'41ﬂ
Gabaculine 5.8 x 1077 m

If the mechanism shown in Scheme II is applied to the case
of gabaculine (Scheme III), there are two possible mechanisms

by which the active site could be ch'-zS'I:royed.é?El First,
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aromatization of the rearranged imine by proton transfer would
leave a m-anthranilic acid derivative which could not be re-
turned to the catalytic cycle. Secondly, interception by an
enzyme nucleophile by Michael addition should also lead to a
permanently bound adduct. It should be noted that m-anthranilic

acid does not inhibit this enzyme,

Scheme III

H._.O COOH g COOH
H i
E Y ° 1 a | | o}
|
Nuc—E
COOH COOH Hy COOH

o=

4

H
-~ N N
H H
EXN O E O BTN
- || -
N N N
H

Our synthetic strategy for the synthesis of 4,l-gabaculine
is simple. The first step is selective allylic amination at the
5 position of a suitably protected 3-cyclohexene-l-carboxylic
acid. Introduction of g,g-unsaturation (preferably by use of

a phenylselenoxide elimination) and removal of protecting
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groups (ester and p-toluenesulfonyl) would lead to the desired

product.

COOR COOR COOR OOH

= — — (Eq. 2)
NHTs NHTs NH2
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RESULTS AND DISCUSSION

The starting material for the synthesis of gabaculine
(1) was 3-cyclohexene-l-carboxylic acid (2) which is commercially
available and contains the complete carbon skeleton needed, It
contains two different allylic positions (carbons 2 and 5), but
only allylic amination at the 5 position will lead to 1. It
was felt that the positional selectivity could be controlled
by esterification of the carboxylic acid with a large, bulky
group, Hopefully, this would disfavor the approach of the re-
agent towards the 2 position (Eq. 3). However, the alternative
method of further increasing the bulk in the area by using a
1,1-dicarboxylic ester might be expected to disfavor the 5

position as well because of 1,3-diaxial interactions (Eq. 3).

\
,C
@ mv ot _’Y/ (Eq. 3)

Preliminary experiments involving the allylic amination
reaction were carried out using tert-butyl-3-cyclohexene-l-
carboxylate(2)68 The use of tert-butyl esters in organic
synthesis has been extensive69 and it is well known that while

extremely resistant to basic hydrolysis, they can be easily
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revolved under mildly acidic condi'l:i.cn‘xs.69’70

The tert-butyl
ester 3 was synthesized in 79% yield from reaction of 2 with

isobutylene under acid catalysis (Eq. 4).

O ——+——
\C"

(Eq. &)
H so4

ether

When 3 was added to a solution of TsN=S=NTs in CH,Cl, at

r'1:'.18:;1

a slow reaction took place (5 days). Workup using

cho3 in aqueous MeOH followed by column chromatography afforded

a white solid (yield ranged from 50% to 70%). Although homogeneous
by tle, nmr of this crude product showed two multiplets ( § 3.9
and 4,1 in the ratio of 3:1) in the region where allylic hydrogens
alpha to a tosyl group are observed, as well as absorptions due

to two different tosyl groups in the aromatic region ( § 7.2-7.9).
The minor isomer ( & 4.1, mp 120-121°C) was isolated by repeated
careful fractional recrystallization from CHClB/hexanes. In

the same manner, the major isomer (d 3.9, mp 83-84°C) was isolated
from the mother liquors. The minor isomer was assigned the
structure 4 since irradation of the olefinic protons (in the
presence of 0,1N NaOD/Dzo) caused collapse of the § 4,1 multiplet
to a doublet (J = 3.4 Hz). The major isomer was assigned the

12 also

structure 5. The analogous reaction using TsN=Se=NTs
gave a mixture of 4 and 5 (45% yield) in the ratio of 1:l

(by nmr).



113

COOtBu COOtBu
TsHN

NHTs
4 5

Although the relative stereochemistry of 4 and 5 are
unimportant in terms of this particular synthesis, it is
important from a mechanistic point of view and for general
application to other complex cyclohexenyl systems. Allylic
oxidation of conformationally-fixed systems by the ene/(2,3)-
rearrangement pathway (see Part 1 of this thesis) preferentially
involves the replacement of a pseudoaxial hydrogen by a
pseudoaxial substituent, For example, reaction of either
Se0271 or TsN=Se=NTs’? with cholesterol results in the formation
of the h}B(axial)-alcohol or -sulfonamide, respectively., This
preference for pseudoaxial hydrogens is a consequence of the
need for maximum orbital overlap during the transition state of

the ene reaction.ga Using this reasoning, the allylic sulfonamide

4 is predicted to be the cis- and 5 the trans-isomer (Eq. 5).

(Eq. 5)
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The cis relationship in 4 was evident from the nmr de-
coupling experiments previously mentioned, The observed coupling
constant (J = 3.4 Hz) is only consistent with the cis isomer; the
corresponding trans compound should have J = 10 Hz at the m.’miml.lm.""6
When 4 was treated with strong base (potassium tert-butoxide in
THF) in an attempt to epimerize it to the presumably more stable
diequatorial (trans) isomer, only p-toluenesulfonamide was isolated,
probably originating from an anti-periplanar elimination of an
axial sulfonamide anion., The trans relationship in 5 was demonstrated
by both nmr and chemical correlations., High field nmr (270 Miz)’?
showed a symmetrical 8-line AB portion of an ABXX' pattern (centered
at approximatelyS 2.1 in dg-benzene) for the HC/HD methylene group
in 5, Irradiation of{ 4.05 (the allylic proton alpha to the sul-
fonamide group) caused a collapse of the multiplet to an "AB quartet”
(JAB = 11.77 Hz) and allowed Jy, and Jpy to be calculated as 6.6 Hz
and 8.1 Hz, respectively. These values indicated that Hy is pseudo-
equatoral and therefore, the sulfonamide group is pseudoaxial.
Unfortunately, the coupling constants involving HA could not be
determined because of interference from overlapping signals. Similar
values for the coupling constants were found in the assignment of
stereochemistry for the products of Pd-catalyzed allylic alkylation
of cis- and gggg§—3~acetoxy-5-carbomethoxycyclohexene.73 In an
attempt to epimerize 5 to the diequatorial (cis) isomer, it

was treated with excess potassium tert- butoxide in THF,
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However, the only product isolated (74% yield, mp 162-165°C)

was not the expected tert-butyl ester, but rather a carboxylic

acid (6). This acid (6) was completely different from the
carboxylic acid (7) formed from 5 by treatment with trifluorocacetic
acid (76%, mp 174-175°C), However, treatment of 7 with excess
potassium tert-butoxide in THF gave 6 in 61% isolated yield.

When 6 was heated in tert-BuOH with a catalytic amount of H,80,,,
(150°C, combustion tube) a tert-butyl ester different from 5

was formed, however, the extremely poor yield did not allow for
complete purification and characterization of this compound.

These reactions are outlined in Scheme IV,

Scheme IV

co—|—

“WNHTs
(/// CFCOOH
coon ™

“UNHTs

|o~
1T
O
—T—
|~

“UNHTs

The hydrolysis of 5 to the carboxylic acid 6 under these

conditions is not without precedent. Hydrolysis of hindered
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esters by potassium tert-butoxide has been known for many years,
although the conditions needed are usually quite vigr.n:‘caus.?4
One alternative mechanism is a base-catalzed elimination of
fert-BuOH to form a ketene which is then trapped by KOH

(normally found as an impurity in commercial potassium tert-

butoxide) (Eq. 6).75

0 -
O K
base { OH Q base (Eq. 6)
—tBuOH
R R R R
__ N-_-K+ o
R=N;,

In order to improve the positional selectivity of the
allylic amination reaction, a survey of different ester deriva-
tives was undertaken (Table 3). The compounds listed in Table 3
were all (except for the methyl ester) prepared from the reaction
of 3-cyclohexene-l-acid chloride with the appropriate alcohol,
The isomer ratio in the product mixture (isolated by chromatography)
was determined by nmr integration of the allylic sulfonamide
protons (generally found around & 4.0). By analogy with compounds
5 and 6, the signal at lower field was assigned to the 2-p-
toluenesulfonyl amido isomer (a) and the upper field signal to
the 5-isomer (b). Two trends can be observed in Table 3; first,
the sulfur based reagent is more sensitive to steric factors
than the selenium reagent, and secondly, the isolated yield of
product is reduced when the steric bulk is increased. In the case

of the N,N-dicyclohexylamide derivative, the allylic amination
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=0CH
-0-tert-butyl

-ocHﬂ!2
-2,4,6-trimethylphenol

=N,N-dicyclohexylamine

Footnotes for Table 3

Table 3
O~~R R
TsHN
) +
NHTs
b a
Total
Reagent Equivalents Yield
S 1.2 80%
Se 1,25 Loz
S 1.25 70%
Se 1.25 L 5%
S 5 50% >
Se 5 -
S 5 Lo% o
Se 5 -
S L 32%

1) ratio confirmed by glpc.

2) no allylic sulfonamide could be isolated.

Ratio (a:b)

1
213
1.11
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can be directed almost exclusively to the 5 position; however,
the yield of product is low. Because of this and potential
difficulties with the hydrolysis of these very hindered com=-
pounds, it was decided to continue the synthesis with the
tert-butyl ester 5.

It should be pointed out that although pure 5 could be
isolated by fractional recrystallization of chromatographically
purified crude product, there was a great loss of material
(usually only 15-30% of the total amount of 5 present was
recovered as pure product). A much better method was the direct
recrystallization (from cyclohexane) of the crude product
(no chromatography was necessary) to afford a mixture of
approximately 80% 5 and 20% 4, Usually, less than 5% of 5
remained in the mother liquor. This mixture was not changed
upon further recrystallization from cyclohexane and was used
for most of the following exploratory work.

Having 5 in hand, the next step was the introduction of
5;§-unsaturation in order to form the dienoic ester system.

The classical and still widely used procedure for this type
of transformation is halogenation-dehydrohalogenation., However,
in recent years, equivalent methods utilizing a phenylselenoxide

76

elimination have been developed independently by Reic and

SharplessBsb

and on the related phenylsulfoxide and methylsulfoxide
eliminations by Trost?7 In the selenium case, (Eq, 7) a

phenylselenide moiety is generally introduced alpha to the
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o
/\/C')LR RoNLi /\/'\R P sex /\g)\R

54
b
(Eq. 7)

o o
A (ZPeon /\/"LR
o>

ester by quenching of the énolate with g-Se-X (X = Ccl, Br, Sed).
Oxidation (by various methods) gives a phenylselenoxide which
decomposes at r.t. by syn elimination to give the 1,&-unsaturated
ester and phenylselenenic acid, which in the presence of excess
oxidizing agent, is transformed to phenylseleninic acid. This
reaction is mild and simple.

The dianion of 5 was generated with a slight excess of
lithium cyclohexylisopropylamide in THF at -78% by the method
of Rathke and ]E;indez:'t.?8 After quenching the enolate with
2 equivalents of dry diphenyldiselenide, the resulting crude
phenylselenide (not isolated) was directly oxidized in THF at
0°C with H,0,. From the reaction, the tert-butyl ester of N-
R-toluenesulfonyl-gabaculine (8) was isolated in 82% yield as
a white crystalline solid (mp 90-92°¢C). (Eq. 8). Only traces

COOfBU LiOyw OBy Se COQO4tBu COOt¢tBu
S 8 (Eq. 8)

R= NHTs
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of aromatic compounds were found,
Removal of the tert-butyl ester from 8 was accomplished
by treatment with trifluorocacetic acid for 5 minutes at r.t.

(Eq. 9).70 Removal of volatile material by high vacuum gave

N 0—1—— Os OH
\C/ \C/

CF3CO,H
’ (Eq. 9)

NHTs NHTs

8 9

N-p-toluenesulfonyl-gabaculine (9) as a gummy semisolid in
quantative yield. Unfortunately, all attempts at the recrystalli-
zation of 9 failed. 1In addition, 9 was somewhat thermally
sensitive, decomposing to a dark, tarry material after about 1
day at r.t. It was generally prepared as needed and used in
crude form.

Only the cleavage of the N-p-toluenesulfonyl group of 9
remained in order to complete the synthesis of 1., However, the
lack of facile methods for the cleavage of sulfonamide groups
has been a long standing problem and many different approaches
have been tried, Table 4 lists some of the methods, Because
of the sensitive nature of the desired product, only the first
two methods, electrochemical and sodium napthalene (and possibly

sodium in liquid NH3) were considered mild enough,
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Table 4

(Methods for Cleavage of Sulfonamide Groups)

Method Ref,
Electrochemical 79
a) Tetramethylammonoum amalgam/MeOH 80
b) Pb cathode/NaOH in aqueous methanol 81
¢) DMF/R,N" X~ (controlled potential) 79
d) CHBCH/R“_N"' X~ (controlled potential) 82

Sodium Napthalene 83,84
Sodium bis(2-methoxyethoxy)Aluminum Hydride 85
Sodium-Ammonia 86
HBr-Phenol 87
Pyridine Hydrochloride 87
50% Sodium Amylate 87
Concentrated HC1 87

When 9 was subjected to deprotection by either of these
two methods under various conditions, no gabaculine was found.
The only products which were isolated (in low yields) seemed by
nmr to have one or both or the double bonds reduced, Similar
treatment of 8 gave approximately the same results. The tert-
butyl ester in 8 was stable to these reductive conditions.

In order to clarify the situation, the reduction potentials
of 8 and 9, was well as the saturated derivative 5, were measured

by polarography (Table 5). The results indicate that the
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gnﬁ-double bond is the most easily reducible function present
(El/2 ranzging from -1.73 to -2,12 V). The sulfonamide group is
not reduced until much higher potentials (approximately -2.4 V).
This left two alternatives: 1) removal of the Ts- group before
the introduction of the g,g-double bond, reprotection of the
resulting amino group and continue or 2) lower the reduction

potential of the sulfonamide group below that of the double

bond.
Table 5
(Comparison of Reduction Potentials)
Compounds E, /o(Measured in 0.,2M TEAB2 /MeCN ) P
COleu
-2.,12 VvV, =2.5V
NHTs
8
02H
-1,73 Vv, =2,5V
NHTs
2
CO2lBu
"NHTs
2

Footnotes for Table 5

a) TEAB = Tetraethylammonium Bromide.

b) wvs. calomel reference electrode.
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It is known82’88

that electron-withdrawing substituents on
aromatic sulfonamide groups lower the reduction potential., For
the case in hand, this approach would not be practical since the
necessary substituted sulfur or selenium diimides for the allylic
amination reaction are not easy to prepare. Alternatively,
almost nothing is known about the effects of substitutions on

the nitrogen of a primary sulfonamide. Using N-p-toluenesulfonyl-
cyclohex-3-enamine as a model substrate, the reduction potentials
of a number of N-substituted derivatives were measured (Table 6).
The compounds were prepared by alkylation (or acylation) of the
sodium salt (prepared from the allylic sulfonamide plus NaH) in
DMF with the appropriate reagent.

Table 6

(Effect of R- on Reduction Potentials)

<C::>_N:$ b
S a .
Ey /,(0.2M TEAB® in MeCN)

-H -2.31 V
~cH 5 -2.30 V
-CH @ -2,29 V
:§CH3(AG) -1.91 Vv
o

-Eoc(cm3 (+-BOC) -2,06 V

Footnotes for Table 6

a) TEAB = Tetraethylammonium Bromide,

b) vs, calomel reference electrodes,
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The use of an electron-withdrawing acyl group clearly reduces the
reduction potential of the sulfonamide., The fact that the re-
duction wave is due to the Ts- group was demonstrated by a preparative
scale electrolysis of the N-tosyl-tert-butoxycarbonyl derivative at
-2.1 V (0.2M TEAB in MeCN) (Eq. 10). The only products isolated

were the carbamate 10 (78% yield) and the starting allylic sulfon-
amide (22%). Unfortunately, the reduction potential of the

sulfonamide was still higher than the«g,ﬁfdouble bond, so it became

T —
WL 21V __ NHzaoc+©—NHTs (Eq. 10)
NtBOC

10

necessary to remove it before the unsaturation was introduced,

In an attempt to prepare the tert-BOC derivative of 5, the
20% L/80% 5 mixture was subjected to 1.2 equivalents of NaH in DMF,
followed by 1.5 equivalents of tert-butoxycarbonylazide (Eq, ll).89

COOtBu

| &
+
ln
+
A

(Eq. 11)

After heating at 70°C for a few hours, the only product formed was

11 (100% based on 5) while 4 was recovered (90% based on 4). These
products were easily separated by column chromatography and so allowed
for a convenient method of removing the "wrong" isomer without the

need for a fractional recrystallization (and consequent loss of materal),
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The N-tosyl carbamate 11, a yellow oil, had a El/2 = -2,06 vV,
Preparative scale controlled potential eiectrolysis at -2,1V
(0.2M TEAB/MeCN) gave, in analogy to the model compound, two
products: the desired allylic carbamate 12 and the starting
allylic sulfonamide 5. (Eq. 12). The isolated yields depended on

concentration and time of reaction, ranging from 76% 12 and 12%

COO1Bu COO1Buy COO+Bu
—2.1V +
—_—
’ /TS /, (Eq. 12)
AN “YNH$BOC "/NHTs
NtBOC
11 12 5

5 (2.4g 11 in 100 ml electrolyte, 3 hours) to 64% 12 and 28%

5 (15.0g 11 in 300 ml electrolyte, 15 hours). Although the
origin of 5 was uncertain, one possible explanation was that the
strong bases generated during the reduction cause the hydrolysis
of the tert-butoxycarbonyl gzroup, Addition of excess phenol (5

equivalents) to act as a proton source82

during the electrolysis
prevented the formation of 5 and improved the yield of 12,
However, the isolated yields were still variable, ranging from
80% (4 8z 11 in 100 ml electrolyte, 6 hours) to 92% (0.6g 11
100 ml electrolyte, 1.5 hours). The carbamate 12 was a white,
crystalline solid, mp 65-68°C, which was very soluble in organic
solvents and was best recrystallized from a very small amount

of petroleum ether,

The advantage of using a tert-butoxycarbonyl (abbreviated as
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tert-BOC) in the previous reactions lies in its facile hydrolysis
under very mild acidic conditions,69 which allows it to be re-
moved at the same time as the tert-butyl ester. Because of
their acid sensitivity, tert-BOC protecting groups have found
much use in amino acid chemistry.9°
When 12 was subjected to the same reaction sequence using
the phenylselenoxide elimination to dehydrogenate 5 to 8 (as
previously shown in Eq., 8), none of the corresponding diene 13

was found (Eq. 13). The problem did not lie in the formation of
the dianion (formed at -60° to -55°C) nor in the quenching with

COOtBu

12 — (Eq. 13)
X ’ NHtBOC

13

diphenyldiselenide since the crude selenylated product did not
contain any starting material, Oxidation by various methods
(H202 in THF, HZOZ in CH2012 /pyridine, NaIOu in CHBOH and
chloramine-T under phase transfer conditions) gave only complex
mixture of products.

Since the phenylselenoxide route did not seem to be viable
for the formation of 13, the dianion was alternatively quenched
with iodine by the method of Rathke and Lindert.91 The resulting
crude L~iodo ester was then treated with base in benzene at
r.t. to give 13 in 90% isolated yield (Eq. 14). The only other

product isolated (9%) was the 2,5-dihydrobenzene derivative 14,
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COOtBu COO1Bu COO1Bu COO4tBu

R I 1 R R R
13 14

12
R= NH$BOC
which was unstable in the presence of air and quickly (<10
minutes at r,t,) aromatized to the corresponding ester 15. O0f
the various bases tried (DBU, DABCO and EtBN), DABCO (diazobicyclo-
(2.2.2)octane) gave the highest yield and cleanest product
mixture. Glpc analysis showed less than 1/2% of 5 present in
13, which was a white crystalline solid, mp 99°-101°%.

The protecting groups of 13 were best removed by distilled
trifluoroacetic acid under strictly oxygen-free conditions for
2 minutes followed by removal of the volatile material under
high vacuum (Eq. 15). The residue 16 (the trifluoracetate salt

of 1) was generally not isolated, but dissolved in H20 and directly

COO1Bu COOH COOH

ion
TFAA exchange .
L4 + _ L
NHtBOC NH,CFCO, NH, (Eq. 15)
13 16 1

eluted through an ion-exchange resin., Use of undistilled CF3002H
under the same conditions caused some aromatization to m-anthranilic
acid (however, this by-product was easily removed since it was

insoluble in HZO).
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Use of the cation-exchange resin SP Sephadex C-25 (Pharmacia

Fine Chemicals, Inc., used by Mishima to isolate 1l from gabacullne-
HCléo) or the related Dowex AG50W - X8 (Bio-Rad Laboratories) to
isolate 1 was not totally satisfactory. When a solution of 2%
NH,O0H was added in order to remove 1 from the resin, a dark brown,
fluorescent impurity was formed which was difficult to separate
from the gabaculine. The amount of this impurity was probably
small since no peaks other than those of 1 were visible in the

nmr, The use of a AG1llA8 ion-retardation resin (Bio-Rad Laboratories)92
gave much better results., On this particular resin, neutral species

(such as 1) are not retained, salts are slowly eluted and acids are
strongly bound. Lypophilization of the appropriate fractions
(identified by tlec with visualization by UV and ninhydrin test)
gave d,l-gabaculine (1) as an amorphous off-white powder in 68%
yield. This material, mp 194-196°C (after recrystallization from

60 mp 196-197°C) gave nmr, ir and UV data con-

aqueous MeOH, 1lit.
sistent with the published values., The tlc behavior (7.5 parts
EtOH, 2.5 parts H,0, trace NHucH) was identical with an authentic
sample. A small sample of 1 was treated with HCl gas in MeOH at
0°C (Eq. 16) to give d,l-gabaculine-HC1 salt, mp 195-9°C (lit.60
mp 198-20000) which gave an undepressed mp upon admixture with an
authentic sample of the racemic hydrochloride obtained from Mishima,

A summary of the exact route used to synthesize d,l-gabaculine
(1) is shown in Scheme V. This synthesis is comparable to Mishima's6°
both in terms of length and overall yield., Neither is without fault,
particularly in the area of positional selectivity. However, one

advantage of this synthesis is that the starting material,
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3-cyclohexene~l-carboxylic acid, has been resolved via the
brucine salt into the (R)- and (S)- enantiomers.94 Although

this has not been done, use of optically active material should
lead to optically active gabaculine, Since only l-gabaculine is
active towards Y-aminobutyrate aminotransferase,éo this will have

the effect of increasing the overall yield of the active agent,
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Scheme V
Q. OH O O—<—
RKed hod COO1tBy COO1Bu
TsHN
) —_— +
“NHTs
2 3 4 5
79% 70% 1:3 mixture
of isomers
L 4
COOiBu COOtBu COO.Bu
14 + ¢ ‘ 1 T4
r 7 Vi S
NHtBO NH t BOC “/N
HLBOC - T tBOC
13 12 1
90% ?1% quantitative
based on 5
COOH COOH
¥ ?
CFNH3- NH2
16 =4V 1

68%
23% overall



131

EXPERIMENTAL

General Comments

The instrumentation, materials and methods are described at
the beginning of the experimental section of Part I,

Tetraethylammonium bromide (Eastman Organic Chemicals) was
recrystallized from CHClj/C01u and dried at 110°C under vacuum
for 12 hours. Spectro grade acetonitrile (stored over 4 2 sieves)
was used for the electrochemical experiments (approximately the
same results were found using acetronitrile which had been distilled
first from CaH, and then from PZDS).

All ion-exchange resins were washed and prepared according to
the manufactor's instructions before use,

Polarographic measurements were made using a Princeton Applied
Research Model 174A Polarographic Analyzer with a Houston Instrument
Ommgraphic 2000 recorder and a standard divided polargraphic cell.
An automatic drop timer set at 0.5 second and a Hg column of
approximately 100 cm were used, Connection with the reference
electrode (Corning Calomel catalog 476000) was by an Agar bridge
(3-5% Difco Bacto-Agar in lil saturated KCl/distilled H,0).

2

Solutions (generally 10 ° to 10—3 M) were deaerated by a N, stream

2
for at least 3 minutes. Using 0.2 M TEAB in MeCN, the solvent
discharge potential was -2,9 V.

Controlled potential electrolysis was performed using a
Princeton Applied Research Model 371 Potentiostat-Galvanostat

in the apparatus shown below. Triply distilled Hg was used for

the working electrode (cathode) and either a graphite rod or a Pt
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wire wrapped with Pt gauze for the counter electrode (anode), The
cell was divided by means of a unglazed, porous porcelain cup
(Coors #70004) which was continuously extracted with refluxing
acetone and then dried at 110°C under vacuum before use. The
electrolysis cell was flushed with slow stream of N2 and, before
the addition of substrate, preelectrolyzed at a potential 100 mv

more negative than the desired potential.

« Working Eletrode
KCl Solution [ {Glass Encased Pt Wire)

| | | / Ny Stream
\\ J/

—=Solvent Level

Reference Electrode

Agar Bridge

Counter Electrode

Substrate

Porcelain Cup

<

Glass Support

)
P 1.
[I (------——--l-—-——‘\l_< 1] Silrrlng o ar
Hg Pool

a~

AN AV VAT ANG. AW

Electrolysis Cell
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tert-Butyl 3-Cyclohexene-l-carboxylate(3)

Isobutylene (The Matheson Co.) was condensed at -78°% (dry ice/
isopropanol bath) in a 100 ml three-necked round-bottomed flask
equipped with a dry ice condenser., Approximately 30-40 ml was
transferred by cannula to a pre-cooled Fischer-Porter pressure
bottle containing 10.0g (79.4 mmol) 3-cyclohexene-l-carboxylic
acid (Frinton Labs,) and 1 ml concentrated H,S0, in 20 ml ether,

The reaction vessel was sealed and allowed to warm to r.t. After

14 hours of stirring (magnetic), the pressure bottle was opened
slizhtly (caution!) and the excess isobutylene allowed to evaporate,
After neutralizing the residue with NaHCO3 (cooling was necessary),
it was taken up in ether, which was washed twice with Dbicarbonate,
once with brine and dried, Filtration and evaporation afforded
13.94g of a yellowish o0il which was distilled (bp uLh-6°% at 0.6
torr) to give 11.38g (79%) of tert-butyl 3-cyclohexene-l-carboxylate
as a clear oil; ir (film) 3030, 2980, 2930, 1730 (ester), 1475, 1455,
1435, 1390 (tert-butyl), 1370 (tert-butyl), 1310, 1230, 1160 (ester),
1000, 850 and 650 em~Y: nmr (CHClB) & 5.65 (2H, broad s, olefinic),
2,4-1.8 (74, m, ring H) and 1.45 (94, s, tert-butyl). This reaction
has been run on scales up to 352 (0.28 mole) of acid with comparable
results,

Anal. Caled for Cll}{laozz C, 72.49; H, 9.95. Found: C, 72.40;
H, 10.10,
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Preparation of TsN=S=NTsl?

N-Sulfinyl-p-toluenesulfonamide (196g, 0.9 mole prepared as
described in the experimental section of Part I) was divided in
two portions and each was dissolved in 100 ml benzene under a N2
atomsphere in a zlove bag (Instruments for Research and Industry
Co.). Pyridine (0.75 ml, stored over KOH) was added, After
standing overnisht, the resulting yellow precipitate was filtered
off using an oven-dried sintered-slass funnel and dried under
high vacuum to afford bis-N-(p-toluenesulfonyl)sulfodiimide (150z,
90%), mp 40-45°C (1'11:.17 mp 48-5000). This material is very
water sensitive and is best stored in a desicator under N2 and

handled under an inert atomsphere either in a glove bag or dry box.

Reaction of TsN=S=NTs with 3-Preliminary Experiment

tert-Butyl 3-cyclohexene-l-carboxylate (0,91g, 5 mmol) was
added to a stirred solution of 3.45g (9.3 mmol) TsN=S=NTs in 15 ml
CH2C12 in a 50 ml round-bottomed flask under anhydrous conditions.
After 3 days at r.t., the dark reaction mixture was concentrated
to a thick oil which was redissolved in 25 ml 60% CHBOH containing

3.0g chO After stirring overnight, the yellowish solution was

3.
taken up in 1:1 EtOAc/ether which was washed once with 1:1 L%
NaOH/brine, brine and dried. Filtration and evaporation left
2.02g of yellowish o0il which was purified by column chromatography

(752 silica gel, packed with hexanes; eluted with 200 ml hexanes,
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100 ml 5%, 10%, 15%, 20%, then 25% EtOAc/hexanes; 40 ml fractions).
After concentration of the appropriate fractions, 1l.1g (63%) of
a slightly yellow oil (Rf (35% EtOAc/hexanes) = 0,56) was recovered.
Nmr showed the product to consist of a mixture of two compounds
(see text).

Repeated recrystallization from CHClB/hexanes produced a
pure sample of one of the isomers which was identified as cis-
tert-butyl 2-(p-toluenesulfonamido)-3-cyclohexene-l-carboxylate
(4), mp 120-121°C; ir(KBr pellet) 3170 (N-H), 2980, 1695 (H-bonded
ester), 1595, 1455, 1390 (tert-butyl), 1370 (tert-butyl), 1340
(50,), 1310, 1160 (S0,), 1075 and 920 em Tt nmr (CHC1,) & 7.2-
7.9 (44, q, aromatic), 5.4 and 5,75 (2, m, olefinic), 4.95 (1H, d,

N-H), 4.1 (14, m, allylic R.,CH-N), 2.45 (3H, s, aromatic -CH3)’ 1.8-

2
2.4 (5, m, ring H) and 1,45 (9H, s, tert-butyl). When the olefinic
proton at § 5.4 was irradiated (GHCl3 containing 0,1N NaOD/DzO),
the & 4.1 multiplet collapsed to a doublet, J = 3.4 Hz. Irradiation
at approximately é§ 2.4 caused the same multiplet to collapse to
a doublet, J = 7 Hz,

Anal. Calcd for 018H25N0MS‘ ¢, 61,51; H, 7.17; N, 3.98,
Found: C, 61.41; H, 7.16; N, 3,70,

Concentration of the mother liquors from above and further

recrystallization (CHClB/hexanes) gave the second isomer which was

identified as trans-tert-butyl 5-(B—toluenesulfonamido)—3-cyclohexene-

1-carboxylate (5), mp 83-84°C; ir (KBr pellet) 3280 (NH), 2980, 1710
(ester), 1595, 1450, 1390 (tert-butyl), 1370 (tert-butyl), 1340

(so 1310, 1160 (502), 1080 and 820 cm—l: nmr (CH013)5 7.2=7.9

o)
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(4H, q, aromatic), 5.35 and 5.75 (2H, m, olefinic), 5.0 (1H, 4,
N-H), 3.9 (1H, m, allylic RZCH-N). 2.45 (34, s, aromatic -CH3),
1.8-2.4 (AH, m, ring H) and 1,45 (9H, s, tert-butyl).

Anal. Calecd for 018H25N0481 ¢, 61.51; H, 7.17: N, 3.98.
Founds: C, 61.63 H, 7.24; N, 3.88,

Reaction of TsN=Se=NTs with 3-Preliminary Experiment

The selenium diimide reagent (7.5 mmol)12 was prepared by
stirring a mixture of 0.69g selenium metal (8.7 mmol) and 3.42g
anhydrous chloramine-T (15 mmol) in 20 ml CH2012 at r.t. for
20 hours., tert-Butyl 3-cyclohexene-l-carboxylate (0.91g, 5 mmol)
was added to the resulting white slurry. After 2 days, the dark
reaction mixture was quenched with 1:1 5% NaOH/brine. EtOAc/
ether (1:1) was added and both phases filtered through Celite,
The organic phase was separated, washed once with 1:l1 4% NaOH/
brine, brine and dried. Filtration and evaporation afforded about
3g of crude product which was purified by column chromatography
(as previously described) to give 790 mg (after 2 hours in vacuo,
45%) of a slightly yellow oil. Nmr integration of the multiplets
at § 4.1 and & 3.9 showed an approximate (+ 10%) 1:1 mixture of
4 and 5.

Allylic Amination of tert-Butyl 3-Cyclohexene-l-carboxylate (2)-

Best Conditions

tert-Butyl 3-cyclohexene-l-carboxylate (3) (27.5g, 0.151 mole)
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was added to a stirred solution of 80.0g of TsN=S=NTs (0.216 mole)

in 300 ml CH Cl2 (dried by passage thru neutral alumina and stored

2
over 4 ® sieves) in a 500 ml round-bottomed flask under anhydrous
conditions, After 8 days at r.t., the reaction mixture was con-
centrated and the residue redissolved in 300 ml CHBOH. Water

(200 ml) was added followed by 70g K in three portions. After

2CO3
16 hours, the reddish solution was taken up in 350 ml 1l:1 EtOAc/
ether which was washed twice with 1:1 4% NaOH/brine, once with
brine and dried. Filtration and evaporation gave a dark red-
yellow o0il which was passed through a short plug of silica gel
(80g) with 15% EtOAc/hexanes, Concentration of the filtrate gave
49,6z of crude product. Trituration with 200 ml of cyclohexane
while cooling (crystallization was usually induced by scratching
or with seed crystals) afforded 33,33z (after drying in vacuo) of
a mixture of 4 and 5 (63%; by nmr, 20% 4 and 80% 5), mp 89-95°C.
The mother liquors from above were concentrated and chroma-
tographed on 200g silica gel (packed with hexanes; eluted with
500 ml hexanes, 5% EtOAc/hexanes, then 2 1 10%; 100 ml fractions).
Combination of appropriate fractions and evaporation afforded
5.92 of a red-yellow oil., Recrystallization from cold cyclohexane

as above gave an additional 4.03z of the same mixture of 4 and 3

(total overall yield of the mixture of isomers 70%).

Reaction of 5 with Potassium tert-Butoxide

Potassium tert-butoxide (360 mg, 3.2 mmol, Aldrich Chemical

Co.) was added to a stirred solution of 200 mg (0.57 mmol) 5 in
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10 ml THF in a two-necked, round-bottomed flask under anhydrous
conditions. After 36 hours at r.t., water was added, the reaction
mixture acidified with 1 N HC1l (to pH~1l) and extracted with 1:1
EtOAc/hexanes., The organic phase was washed once with brine and
dried., Filtration and evaporation save a yellowish o0il which was
recrystallized from CHClB/hexanes to zive cis-5-(p-toluenesulfon-
amido)-3-cyclohexene-l-carboxylic acid 6 (12.4 mg, 74%), Rf (10%
Et0H/EtOAc) = 0.1, mp 162-165°C; ir (KBr pellet) 3600-3000 (broad
band, carboxylic acid OH), 3250 (NH), 1735 and 1705 (carvoxylic acid),
1595, 1450, 1400, 11325 (802), 1295, 1250, 1235, 1150 (802), 1075,
930 and 815 cm™t: nmr (CHC1; + dg-DMSO) & 11.5 (1H, broad s,
exchangeable with D.0, COzH), 7.2-7.9 (41, q, aromatic), 6.9 (1H,

d, N-H), 5.2-5.8 (2H, broad m, olefinic), 3.95 (1H, m, allylic R,CH~
N), 2.45 (3H, s, aromatic -CHB) and 1.8-2.5 (5H, m, ring H). Equiv-
alent results were obtained if the reaction mixture was refluxed

for 1 hour instead of stirring 36 hours at r.t.

Reaction of 5 with Trifluoroacetic Acid

One gram of 5 (2,85 mmol) was dissolved in 4.0 ml of trifluoro-
acetic acid. After 15 minutes, the volatile material was removed
by high vacuum and the residue recrystallized (CHClB/hexanes).
§£§g§-5-(B—Toluenesulfonamido)-3-cyclohexene-l-carboxylic acid
(0.6b4g, 76%) 7, Rf (10% EtOAc/hexanes) = 0.65, was obtained, mp
174-175%; ir (KBr pellet) 3600-3000 (broad band, carboxylic acid),
3360 (NH), 1740 and 1705 (carboxylic acid), 1595, 1455, 1405, 1325
(802). 1295, 1250, 1235, 1150 (SOZ)' 1075, 930, 885 and 815 cm_lz
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nmr (CHCl, + dg-DNMSO) § 11.0 (1H, broad s, CO/H), 7.2-7.9 (4, q,

3
aromatic), 7.05 (1H, 4, N-H), 5.6 and 5.35 (2H, m, olefinic),
3.95 (1H, m, allylic R,CH-N), 2.45 (34, s, aromatic -CH3) and
1.8-2.5 (5H, m, ring H). While the spectra of 6 and 7 were

similar, they were not superimposable,

Isomerization of 7 to 6 with Potassium tert-Butoxide

A stirred mixture of 75 mg 7 (0.25 mmol) and 200 mg (1.8 mmol)
potassium tert-butoxide in 5 ml THF was refluxed for 3 hours in
a 25 ml round-bottomed flask fitted with a reflux condenser under
anhydrous conditions. After cooling, the mixture was quenched

with H,0, acidified with 1 N HCl and then extracted with EtOAc.

2
The organic phase was washed once with brine and dried. Filtration
and evaporation save a yellowish o0il (82 mg) which was recrystallized
twice from CHClB/hexanes to give a white solid (46 mg, 61%) which

was identical (tle, nmr and ir) to 6.

Attempted Esterification of 6 with tert-BuOH/Acid

The carboxylic acid 6 (50 mg, 0.17 mmol) and 2 drops of con-
centrated H,S0, were dissolved in approximately 1.5 ml of tert-
BuOH in a combustion tube., After heating 2.5 hours at 13000. the
tube was cooled, opened and the solution quenched with 1:1 4%
NaOH/brine. This was extracted with 1:1 EtOAc/ether which was

washed once with brine and dried. Filtration and evaporation
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afforded a small amount (less than 10 mg) of a yellowish oil. Tlc
(25% EtOAc/hexanes) showed one main UV active product, Rf = 0.33
(authentic 5 had Rf = 0,24)., Nmr (CHClj) of this crude product
showed the presence of a tosyl group ( § 7.2-7.9 and § 2.4), an
olefin ( § 5.2 and 5.6), an allylic sulfonamide (multiplet, $ 3.9)
and a tert-butyl ester (S 1.45) as well as other unidentified

peaks (mostly in the region of § 0.2-1.4),

Preparation of N,N-Dicyclohexyl-3-cyclohexene-l-carboxylic Acid

Amide

3-Cyclohexene-l-acid chloride (1.5g, 10.4 mmol, prepared from
the acid by reaction with thionyl chloridegu) was added slowly to
a stirred solution of 5.17 ml (26 mmol) dicyclohexylamine in 20 ml
benzene/20 ml DMF (exothermic reaction). After 5 hours, EtOAc was
added and the organic phase washed twice with H,0, once with 1 N
HC1l, bicarbonate and brine and then dried. Filtration and evaporation
gave an oil which solidified upon standing. Recrystallization
(petroleum ether) afford 2.55¢ (85%) of N,N-dicyclohexyl-3-
cyclohexene-l-carboxylic acid amide, mp 92-93°C; ir (KBr pellet)
2930 (CH), 1620 (Amide), 1460, 1455, 1440, 1315, 1240, 1180, 1145,
1125, 1045, 895 and 735 cm™'s nmr (CHC1,) § 5.55 (24, broad s,
olefinie), and 0,8-3.6 (29H, broad m, ring H).

Other hindered esters were prepared in a similar manner
using the appropriate alcohol and EtBN as a base, and had the
expected spectral properties. The benzhyrol ester was white

crystalline solid, mp 51, -56°C (EtOH/Hzo); the 2,4,6-trimethylphenol
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ester was a clear o0il, kugelrohr distilled at 130-13500 (0.4 torr).
Attempts to prepared the trityl, tricyclchexylmethanol and
trinorbornylmethanol esters were unsuccessful because of the

apparent instability of the desired products.

Allylic Amination of N,N-Dicyclohexyl-3-cyclohexene-l-carboxylic

Acid Amide

In the manner previously described, 0,71z (2.46 mmol) of the
amide and 4.57z (12.4 mmole) TsN=S=NTs were allowed to react in

Lo ml CH Clz. After 3 days at r.t., the dark reaction mixture was

2
concentrated and the residue redissolved in 30 ml 60% CHBOH con-

taining 3g KECO After 8 hours, the reddish mixture was extracted

3°
twice with EtOAc which was washed twice with H20, once with brine
and dried, After filtration and evaporation, the resulting oil

was purified by column chromatography (752Z silica gel, packed with
hexanes; eluted with 500 ml: hexanes, 10%, 20%, 4 x 25% EtOAc/
hexanes; 125 ml fractions). Concentration of the appropriate
fractions gave 570 mg of a white solid. Nmr indicated this to
consist of a mixture of TSNH2 and allylic aminated product (<& 3.9
and 4.1 were in the ratio of at least 20:1). After removal of TsNH,
(precipitation from CHClB/hexane) and recrystallization from
hexanes, N,N-dicyclohexyl-5-(p-toluenesulfonamido)-3-cyclohexene-
l-carboxylic acid amide (212 mg, 32%) was obtained, Rf (35%
EtOAc/hexanes) = 0.5, mp 189-193°C; ir (KBr pellet) 3160 (NH),

2940 (CH), 1610 (amide), 1455, 1440, 1330 (SOZ)’ 1165 (SOZ)'
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1155, 1055, 945 and 815 cm™t: nmr (CHC1,) & 7.2-7.9 (4, q, aromatic),
5,9 and 5.35 (2, m, olefinic), 5.0 (1H, 4, aromatic), 3.9 (1H, m,

allylic R,CH-N), 2,45 (3H, s, aromatic -CHB) and 1.2-3.8 (broad m,

2
ring H). None of the 2-isomer was present in the recrystallized

product as Jjudged by nmr,

tert-Butyl 3-(p-Toluenesulfonamido)-2,3-dihydrobenzoate (8)

trans-tert-Butyl 5-(p-toluenesulfonamido)-3-cyclohexene-1-

carboxylate 5 (1.05g, 2.99 mmol) was added to a stirred and cooled
(-78°, dry ice/isopropanol) solution of lithium cyclohexylisopropyl-
amide (prepared at -?BOC by the addition of 3.0 ml 2.4 M (7.2 mmol)
n-BuLi in hexanes (Ventron) to 1.38 ml (7.6 mmol) cyclohexylisopropyl-
amine in a 100 ml three-necked, round-bottomed flask under anhydrous
conditions). After 1/2 hour, a precooled (-7800) solution of 2.34g
(7.5 mmol) diphenyldiselenide (recrystallized from hexanes and dried
in vacuo) in 10 ml THF was added quickly by cannula using positive

N2 pressure, After 2.5 hours with gradual warming to r.t., the
reaction was quenched with water (25 ml) and extracted twice with

1:1 EtOAc/ether. The orzanic phase was washed once with HZO’ 1N
HCl, bicarbonate, brine and then dried. Filtration and evaporation
afforded a yellow o0il, which was redissolved in 50 ml THF, cocled

to 0°C (ice bath) and 3.4z 30% H,0, (30 mmol) added in three portions
over 1 1/2 hours, After another 1 1/2 hours at r.t., the colorless
reaction mixture was taken up in 1l:1 ether/£t0OAc which was washed
once with bicarbonate, brine and dried., Filtration and evaporation

gave 1,45z of a light yellowish o0il. This material, although fairly
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pure by tlc, was best purified by column chromatography (60g

alumina activity III, packed with hexanes; eluted with 100 ml 100%
hexanes, 10%, 20% and 300 ml 25% EtOAc/hexanes; 40 ml fractions),
Concentration of the appropriate fractions zave 960 mg of a slightly
yellow o0il, which upon trituration with cyclohexane gave tert-

butyl 3-(p-toluenesulfonamido)-2,3-dihydrobenzoate 8 (840 mg, 82%)
as a white crystalline solid, Rf (35% EtOAc/hexanes) = 0.63, mp
90—9200; ir (KBr pellet) 3250 (NH), 2980, 1725 and 1705 (ester),
1595, 1580, 1440, 1370, 1330 (502), 1160 (802), 1095 and 810 cm‘l:
nmr (CH013) § 7.25-7.9 (4H, q, aromatic), 6.95 (1H, d, £-hydrogen),
5.8-6.2 (2H, m, olefinic), 5.0 (14, 4, exchangeable with 0.1N
NaOD/Dzo, N-H), 4.1 (1H, m, collapses to d of d in base, allylic
RQCH-N), 2.6 (2H, d of 4, -CHZ—), 2.45 (3H, s, aromatic -CHB) and

1.5 (9H, s, tert-butyl): UV (absolute MeOH) ?\m 239 (log €=4,07)

ax
and hmax=283 (e =4225),
Anal., Caled for clBHZBNousz c, 61.86; H, 6,63; N, 4,00, Found:

c, 61,92; H, 6.80; N, 3.78.

N-(p-Toluenesulfonyl)gabaculine (9)

The diene 8 (50 mg, 0.14 mmol) was dissolved in 1 ml CFBCOEH
under N2. After 5 minutes, the solvent was removed under high
vacuum to afford a gummy residue, This material (42 mg, 100%) was
temperature sensitive and could not be recrystallized (CCl, CHClB/
hexanes, aqueous EtOH); nmr (CDClB) $ 8.05 (1H, 4, £-hydrogen),

7.2-7.8 (6H, m, aromatic and olefinic), 5.15 (1H, m, allylic RZCH-N),
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5,00 (14, 4, N-H), 2.8 (2H, m, —CHZ-) and 2.45 (3H, s, aromatic

~-CH Cleavage of the tert-butyl ester with HC1l gas in CH2012

30
at -10°C (1 hour), followed by concentration by high vacuum, gave
the same material, Because of its gummy nature and instability, 9

was generally not isolated.

Reduction of 9 with Sodium-Napthalene

Freshly prepared 9 (from 100 mg (0,285 mmol) 8 and 1 ml CF3002H
as above) was dissolved in 1 ml desassed DME (dried over Na metal).
This solution was added by syringe to a dark green solution of
sodium-napthalene (prepared by stirring a mixture of 59 mg (2.46
mmol) Na° and 330 mg (2.57 mmol) napthalene in 4 ml DME for 1 1/2
hours at r.t.). After 5 minutes, the mixture was quenched with
H,0 (1 ml) followed by a mixture of 10 ml 3 N HC1l and 10 ml ether.
After stirring 1/2 hour, the aqueous phase was passed through an
jon-exchanze resin (Dowex AG50W-X8, 10 cm x 1 cm column) with
distilled water until the pH of the elutant was the same as the
added water, Elution with 2% NH,0H and lypophilization of the
fractions which gave a positive ninhydrin test afforded 9 mg (22%)
of a white solid identified as 5-amino-3-cyclohexene-l-carboxylic
acid, mp 241-245°C (from ether/MeOH); ir (KBr pellet) 3500-2200
(broad band, amino acid OH and NH), 1640 and 1550 (amino acid
CO,H), 1400, 1350, 1050, 910 and 615 cm™ Y1 nmr (D,0) § 5.75 and
6,2 (24, m, olefiniec), 4.05 (1H, m, allylic R20H—N). 2.6 (2H, m,

allylic ~CH2—) and 1.5-2.1 (3H, m, ring H): no UV absorbance.
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The same compound was isolated in better yield (approximately
50%) when 5 was subjected to the same reaction conditions or when
13 was deprotected with CFBCDzH followed by passage through an
ion-exchange resin (Bio-Rad AG11A8, 43% isolated yield).

Reduction of 8 with Tetramethylammonium Amalgamso

tert-Butyl 3-(p-toluenesulfonylamido)-2,3-dihydrobenzoate
(100 mg, 0.28 mmol) and tetramethylammonium chloride (1,0g, 9.1
mmol) were dissolved in 50 ml 80% CHBOH/HEO in the electrolysis
apparatus described in the beginning of the experimental section.
Approximately 40g of liquid Hz was used, At a potential of -3.3 V,
the current was approximately 750 ma and did not decay over a period
of 1 hour (it was necessary to cool the electrolysis cell with ice),
The current was stopped, the solvent filtered and then partitioned
between ether and 3N HCl, After 15 minutes, the aqueous phase was
passed through an ion-exchange column (Dowex AG50W-X8), Approximately
10 mg of an amorphous white solid was recovered upon elution with
2% NH40H; the nmr of this crude material showed no olefinic protons

although a tert-butyl ester (singlet at § 1.5) was evident.

N-(tert-Butoxylcarbonyl)-N-(p-toluenesulfonyl)cyclohex-3-enamine

Sodium hydride (50% suspension in oil, 130 mg, 2.7 mmol) was

added in small portions to a stirred solution of 400 mg (1.63 mmol)
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of Bﬂ(g-toluenesulfonamido)cyclohexene12 in 10 ml DMF in a 25 ml
round-bottomed flask under anhydrous conditions. After ten minutes
the evolution of H2 had ceased,so 500 mzg (3.5 mmol) of tert-
butoxycarbonyl azide89 was added and the reaction heated at 55°C
for 12 hours. The reaction was cautiously quenched with H20 and
extracted with ether which was washed three times with H,0 and
dried. Filtration and evaporation gzave a yellowish oil which was
purified by column chromatography (25g silica gel, packed with 100%
hexanes, eluted with 5% EtOAc/hexanes) to give 540 mg (94%) of N-
(}ggﬁ—butoxycarbonyl)-N-(g-toluenesulfonyl)cyclohex—B—enamine as

a clear oil: ir (film) 2980, 2930, 1725 (carbamate), 1595, 1450,
1395 and 1370 (Eggg-butyl), 1360 (502), 1250, 1160 (SOZ)' 1090,
1005 and 665 em™t: nmr (CHClB) § 7.25-7.95 (4H, g, aromatic, 5.7
(H, m, olefiniec), 5.2 (1H, m, allylic chH—N). 2.45 (3H, s, aromatic

-CH 2.1 (2H, m, allylic 'CHZ')' 1.4 1.7 (4H, m, ring H) and

3).
1.45 (94, s, tert-butyl). Kugelrohr distillation (170-175% at 0.5

torr) caused extensive decomposition,

Controlled Potential Electrolysis of N-(tert-Butoxycarbonyl)-N-

(B-toluenesulfonyl)cyclohex-B—enamine.

In the apparatus described at the beginning of the experimental
section, 500 mg (1.42 mmol) of the N-tosylcarbamate was added to
60 ml of pre-electrolyzed (at =2.2 V, residual current = 0.7 ma
at -2.1 V) 0.2 ¥ TEAB/MeCN at a set potential of -2.1 V., The current

immediately rose to approximately 300 ma but the temperature of the
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electrolysis solution never rose above r,t, After 1 1/2 hours,
the current had decayed to 3 ma, so the current was stopped, water
(40 ml) was added and the yellowish solution taken up in ether
which was washed once with brine and dried., Column chromatography
(30g silica zel, packed with hexanes; eluted with 300 ml hexanes,
5% and 10% EtOAc/hexanes, 50 ml fractions) of the crude product gave
80 mg (22%) of 3-(p-toluenesulfonamido)cyclohexene, Rf (25% EtOAc/
hexanes) = 0.4 and 220 mg (78%) of 3-(N-tert-butoxycarbonylamino)
cyclohexene (10) as a clear oil which solidified upon standing 2
weeks at 0°C, mp 55-57°C; ir (film) 3340 (NH), 2980, 2930, 1695
(carbamate, shoulder at 1740), 1500, 1390 and 1365 (tert-butyl),
1240, 1170, 1065, 1020 and 860 cm™+ nmr (CHC1,) § 5.4-6.0 (2i,

m, olefiniec), 4.7 (1H, 4, NH), 4.2 (1H, m, allylic RZCH-N), 1.45

(9H, s, tert-butyl) and 0.8-2,1 (6H, m, ring H).

trans-tert-Butyl 5-(N-tert-Butoxycarbonyl-p-toluenesulfonamido)

3-cyclohexene-l-carboxylate (11)

The allylic sulfonamide mixture obtained by allylic amination
of 3 (20% 4/80% 5, 25g, 71.2 mmol) was added in small portions
with stirring and cooling (ice bath) to a suspension of 4,3g NaH
(50% in o0il, 89,6 mmol) in 250 ml DMF in a 500 ml round-bottomed
flask under anhydrous conditions. After warming to r.t (1 hour),
tert-butoxycarbonyl azide89 (15.3g, 106.9 mmol) was added, After
heating at 60-70°C for 13 hours, the reaction was cautiously

quenched with small pieces of ice, EtOAc/ether (1:1, 250 ml) was
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added and the organic phase washed three times with HZO’ once
with brine and dried. Filtration and evaporation afforded 43.l4g
of yellowish oil.

Column chromatography (400g silica gel, packed with hexanes;
eluted with 21 of hexanes, 1 1 5%; 2 1 10% EtOAc/hexanes; 250 ml
fractions), After concentration of the appropriate fractions
afforded 25.69g (dried 5 hours in vacuo, 80%,100% based on 5) of
1l as a thick yellowish oil, Rf (25% EtOAc/hexanes) = 0,64: ir
(film) 2980, 2940, 1740-1705 (broad band; ester and carbamate)
1595, 1480, 1460, 1395 and 1370 (tert-butyl), 1360 (s0,), 1260, 1160
(s0,), 1090, 850, 835, 820 and 740 cm™t: nmr (CHC1,) § 7.25-7.95
(4, q, aromatic), 5.5-6.0 (2H, m, olefinic), 5.2 (1H, m, allylic
chH-N), 2.45 (3H, s, aromatic -CHB). 2,0-2,5 (41, m, overlapping
-CH,-), 1.55 (9H, distorted t, tert-butyl) and 1.45 (9H, s, tert-
butyl): ms (70 ev) m/e 451 (M+), 395 (M-56, loss of isobutylene),
339 (M-112, loss of two isobutylene + 002). 216, 183, 139, 84
and 82 (base peak), The nmr signal at § 1.55 is assigned to the
tert-butoxycarbonyl group; the splitting is possibly caused by
hindered rotation because of the N-tosyl group. The trans-
stereochemistry is assumed on the basis of the starting material.

Anal., Calcd for 023H33N06$a ¢, 61.17; H, 7.36; N, 3.10.
Found: C, 60.90; H, 7.36; N, 3.11.

Further elution of the column with 20% EtOAc/hexanes and
concentration of the appropriate fractions gave 5,57z of crude 4
(Rf (25% EtOAc/hexanes) = 0,45). Recrystallization from CHClB/
hexanes afforded a total (2 crops) of 4.37g (17.5%, 90% recovery

based on 4) of 4 which was identical to the previously isolated
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material.

Controlled Potential Electrolysis of 11

In the electrolysis cell previously described, 2,43g (5.4
mmol) of 11 was added to 100 ml of pre-electrolyged (-2.2 V,
residual current = 1 ma at -2,1 V) 0,2 M TEAB/ MeCN at -2.,1 V,
The current initially rose to 450 ma and then decayed to 10 ma
after 3 hours. Tlec (25% EtOAc/hexanes) showed no starting material
remaining, so water (100 ml) was added and the dark solution
extracted with ether., The organic phase was washed once with
water, brine and dried., Filtration and evaporation left a yellowish
0il. Column chromatography (80z silica gel, packed with hexanes;
eluted 200 ml 100% hexanes, 400 ml (0% EtOAc/hexanes, 200 ml 15%,
20%; 50 ml fractions) afforded 320 mg (17%) of 5, Rf (25% EtOAc/
hexanes) = 0,45 (identical to a previously isolated sample) and
1.22z (after 2 hours in vacuo, 76%) of 12 as a clear oil, which
solidified upon standing, Rf (25% EtOAc/hexanes) = 0,71, Recrystalli-
zation from a minimum amount of petroleum ether (1 ml/lg) gave
fluffy white crystals, mp 65-68°C: ir (KBr pellet) 3390 and 3320
(NH), 2980, 2930, 1735 (ester), 1710 (carbamate), 1520, 1395 and
1370 (tert-butyl), 1320, 1250, 1160, 1055, 1045, 870 and 850 cm i
nmr (CHCl3) § 5.7 (2H, m, olefinic), 4,55 (1M, m, NH), 4.25 (1H,
m, allylic RZCH-N), 145 (9H, s, tert-butyl) and 1.2-2.4 (5H, m,

ring H); ms (70 ev) m/e 297 (M*), 262 (M-15 loss of CH 241

NE
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(M-56, loss of isobutylene), 224 (M-73, loss of tert-butoxy-)
and 185 (base peak, M-112, loss of two isobutylenes).

Anal, Calcd for C16tonNOy s C, 64,61; H, 9.15; N, 4,71, Found:
C, 64.43; H, 9.,14; N, 4,48,

When the reaction was repeated using 15.0z2 (33.2 mmol) of
1l in 300 ml of 0.2 M TEAB/M@CN (usinz a 600 ml beaker and a 75
mm long ceramic cup for the electrolysis cell), it took 15 hours
for completion, Isolation in the same manner (300g silica gel)

afforded 6.29z (64%) of 12 and 3.23g (28%) of 5.

Controlled Potential Electrolysis of 11 in the Presence of Phenol

The N-tosylcarbamate 11 (4.82g, 10,7 mmol) was added to a
pre-electrolyzed solution of 5,02 phenol (53 mmol) in 100 ml
0.2 M TEAB/MeCN (residual current = 8 ma at -2.1 V) at =-2.1 V.
After 6 hours (the electrolysis was slightly exothermic), the
current had decayed to 17 ma. Isolation as previously described
gave 2,66z (84%) of crude product. Trituration with 2 ml of
petroleum ether afforded 2.45g (total of 2 crops, 80%) of 12,

Using 590 mg (1.3 mmol) of 11 and 650 mg (6.8 mmol) phenol
(under exactly the same conditions), 380 mg (98%) of crude
product was obtained, Recrystallization from petroleum ether

gave a total (2 crops) of 357 mg (92%) of 12.

Attempted Dehydrogenation of 12 to 1l3-Phenylselenoxide Elimination

In a 50 ml three-necked round-bottomed flask under anhydrous
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conditions, 2.1 ml of 2.4 M (5.2 mmol) n-Buli was added by syringe
to a couoled (~?8°C) and stirred solution of 0.95 ml (5.2 mmol)

of isopropylcyclohexylamine in 20 ml THF. After 10 minutes, a
solution of 670 mz (2.37 mmol) 12 in 1.5 ml THF was added by cannula
using positive N, pressure, The temperature was maintained at
-65° to -60°C with a dry ice/isopropanol bath, After 30 minutes,

a solution of 1.62z (5.2 mmol) diphenyldiselenide (recrystallized
hexanes, dried in vacuo) in 3 ml THF was added in the same manner.
After 6 hours with gradual warming to r.t., the reaction was
quenched with water (20 ml) and extracted with ether. The organic
phase was washed twice with ice-cold 0.5N HC1l, once with brine and
concentrated to a yellow o0il. Tlc and glpc indicated only traces
of 12 in the crude product,

This material was redissolved in 30 ml THF containing a few
drops of HOAc, cooled in an ice bath and 8g 30% H202 (71 mmol)
added slowly in small portions over a period of 1 hour. After
stirring overnight with gradual warming to r.,t., the colorless
reaction mixture was extracted with ether, which was washed once
with HZO' bicarbonate brine and dried. Filtration and evaporation
afforded 670 mg of a yellowish oil, consisting of at least five
products by tlc (15% EtOAc/hexanes). Column chromatography (40g
silica gel, packed with hexanes; eluted with 200 ml hexanes,

800 ml 5%, 200 ml 5%, 10% EtOAc/hexanes; 40 ml fractions) did not
vield any compounds with the spectral properties expected for 13.

35b,76

Other methods for oxidation gave similar complex

mixtures from which no 13 could be isolated.
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tert-Butyl 3-(tert-Butoxycarbonylamino)-2,3-dihydrobenzoate (13)~-

Dehvdroiodination

A solution of cooled (-78°C) lithium isopropylcyclohexylamide
was prepared according to Rathke and Lindert78'91 using 10.75 ml
(24,6 mmol) 2.4 M n-Buli and 4,5 ml (24.7 mmol) isopropylecyclohexy-
lamine in 40 ml THF in a 100 ml three-necked round-bottomed flask,
The allylic carbamate 12 (2.0z, 6.7 mmol) was added and after 10
minutes, the cooling bath was changed to one maintained at -65° to
-60°C for 1 hour. The resulting clear yellow solution of dianion
was added using a cannula and positive N2 pressure to a cooled
(-78°C) and stirred solution of 6.26g (24.7 mmol) I, in 30 ml
THF in a 250 ml round-bottomed flask under anhydrous conditions,
After 2 hours, the cooling bath was replaced by an ice bath for
another 1.5 hours. After an additional 1/2 hour at r.t., the reaction
was quenched with water (20 ml) and extracted with ether which was
washed once with cold 1N HCl, with agueous sodium bisulfite until
colorless, then once with bicarbonate, brine and finally dried,.

Filtration and evaporation gavea light yellowish o0il which
was immediately dissolved in 80 ml benzene and 2,0z (17.8 mmol)
diazabicyclo(2.2.2)octane (DABCO) was added in one portion. After
stirring overnight, the reaction was taken up in ether which was
washed 1 x ¢old 1N HCl, bicarbonate, brine and dried. Concentration
afforded 2.6g of yellowish oil which was purified by column
chromatography (200g silica gel, packed with hexanes; eluted with

1 1 hexanes, 1.5 1 5%, 10% EtOAc/hexanes; 200 ml fractions) to
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give two compounds, A and B.

A (180 mg of a white semisolid, 9%) was tentatively identified
as tert-butyl 5-(tert-butoxycarbonylamino)-2,5-dihydrobenzoate
14, Rf (25% EtOAc/hexanes) = 0.64: nmr (CHC1,) § 6.8 (1H, m,
&-hydrogen of &, -unsaturated ester), 5.6-6.0 (21, m, olefinic),
4,9 (1H, m, N-H), 4.7 (1H, m, allylic RZCH—N), 2.9 (2H, 4, allylic
-CH,-), 1.5 (9H, s, tert-butyl) and 1.45 (9H, s, tert-butyl).

This compound was unstable in the presence of air, decomposing
completely within 10 minutes of isolation to tert-butyl N-(tert-
butoxycarbonyl) -m-anthranilate (15), Rf (25% EtOAc/hexanes) =
0.76, mp 112-115°C (recrystallized from CHClB/hexanes)s ir (KBr
pellet) 3340 (YH), 2980, 2930, 1715-1680 (broad bond, ester and
carbamate), 1510, 1390 and 1370 (tert-butyl), 1305, 1245, 1170,

1110, 870 and 855 cm ™+

: nmr (CHClB) § 7,1-7.9 (4H, m, aromatic),
7.0 (1H, broad s, NH), 1.55 (9H, s, tert-butyl) and 1.5 (9H, s, tert-
butyl).

Anal, Calcd for 016H23N04= ¢, 65.50; H, 7.,90; N, 4,77. Found:
c, 65.39; H, 8.,11; N, 4,79.

B(1.80g of a clear o0il) was triturated with approximately 1 ml
of petroleum ether to afford 1.78z (90%) of tert-butyl 3-(tert-
butoxycarbonylamino) -2, 3-dihydrobenzoate 13 as a fluffy white solid,
Rf (25% EtOAc/hexanes) = 0.57, mp 99-101°C; ir (KBr pellet) 3350
(NH), 2980, 2930, 1720-1680 (broad band, ester and carbamate),

1510, 1395 and 1370 (tert-butyl), 1280, 1255, 1165, 1095, 1050,

1

850, 760 and 720 cm —:+ nmr (CHClB/hexanes) § 7.0 (1H, m, £ -hydrogen,

6,1 (2H, m, olefinic), 4.9 (1H, m, allylic RZCH-N) 2.6 (2H, 4, of



154

d, methylene), 1.5 (9H, s, tert-butyl) and 1.45 (94, s, tert-butyl):
ms (70 ev) m/e 295 (M%), 260, 239 (M-15, loss of tert-butoxy) 183
and 139 (base peak): UV (absolute E'v'IeOH)?\max 284 nm (€ =6240).
Glpc analysis (6' 5% O0V-17 on 80/100 mesh Gas Chrom Q, 195°C) of
13 t. = 3.36 minutes) showed it to be contaminated with less
than 1/2% of 12 (t, = 2,86 minutes).

Anal. Calcd for 016H25N04= ¢, 65.05; H, 8,53: N, 4,74, Found:
c, 64,94 H, 8.32; N, 4,55,

d,l-Gabaculine (1)

The diene 13 (511.2 mz, 1.7 mmol) was dissolved in 1.5 ml of
purified trifluoroacetic acid (distilled at 72°C under N, and stored
in a no-air container) under oxygen-free conditions (exothermic
reaction). After 2 minutes, all of the volatile material was
removed under a hish vacuum leaving, after 2 hours, a dark semi=-
s0lid residue. Addition of a 1little distilled Hzo caused a white
crystalline solid to precipitate (presumably the trifluoroacetate
salt of 1). After warming gently to redissolve the solid, the
solution was applied to a 1 cm x 20 cm column of Bio-Rad AG11A8
ion-retardation resin92 and eluted with distilled H20. Lypophilization
of the appropriate fractions (generally the first 3-10 ml of elutant,
visualized by UV and ninhydrin test after spotting on a tlc plate)
gave 169 mg (70%) of crude d,l-gabaculine (1), mp 180-185°C (lit.éo
mp 196-197°C). Recrystallization from MeOH containing a minimum

amount of H20 cave 2 crops of an off-white solid (first crop
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83 mg) mp 184-186°C; second crop (32 mz), mp 194-196°C, A third
crop (49 mg, mp 182-186°C) was recovered by addition of ether to

the mother liquors for a total of 164 mg (68%) of 1l: UV (HZO)?\max
275 nm (€=8500) (lit.60 amax 275 (€=8600)). Nmr93 and ir data

were consistent with the published values.60 Tle analysis (7.5 EtOH,
2.5 H,0, trace NHuOH) showed a single spot, Rf = 0.64, which co-

spotted with an authentic sample derived from g,;-gabaculine-HCl?3

d,l-Gabaculine Hydrochloride 3521t

d,1-Gabaculine (mp 194—19600 from above, 5 mg, 36 umol) was
dissolved in 0.5 ml of cooled (ice bath) absolute MeOH which had
been saturated with dry HC1l gas., The solvent was immediately
removed by high vacuum to afford a white solid, Recrystallization
from acetone containing a little methanol gave 4 mg (63%) of
d,l-gabaculine-HC1, mp 195-199% (1it.%0 198-200°C). The melting
point was not depressed when mixed with an authentic sample of

£,92

racemic gabaculine hydrochoride sal
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